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Development of novel approaches in drug discovery has got attention because of the 
recent withdrawal of marketed drugs developed by conventional target based medicinal 
chemistry. In addition, the identification of small molecules that control nonconventional 
drug targets has become increasingly important for curing diseases that are resistant to 
existing drugs, developing regenerative medicine, and treating incurable diseases. Therefore, 
we have focused on development of novel bioprobes to monitor biological system, screening 
systems to discover bioactive small molecules, and a new target identification method to 
reveal the mechanism of action of the bioactive small molecules. 
In Part Ι , development of glucose bioprobe (Chapter 1- 4), a fluoride probe (Chapter 
5), and a zidovudine probe (Chapter 6) are described. We designed and completed the 
asymmetric synthesis of novel fluorescent glucose analogues. The first chiral bioprobe 
of our choice, namely Cy3-Glc-α, showed superior properties as a glucose-uptake 
tracer compared to the previously reported 2-NBDG. We also developed a novel 
system for the screening of anticancer agents through the detection of metabolic 
perturbation by measuring glucose uptake in cancer cells with our bioprobe Cy3-Glc-
α. (Chapter 1) Based on the success of Cy3-Glc-α, we synthesized a series of 
fluorescent glucose analogues by adding Cy3 fluorophore to the α-anomeric position 
of D-glucose with various linkers. The resulting seven Cy3-labeled glucose analogues 
(GBs-Cy3) were evaluated by flow cytometry for their GLUT-specific translocation 
and competitiveness with D-glucose in the medium, along with image-based analysis 
using fluorescence microscopy. Systematic and quantitative evaluation of these GBs-
Cy3 led to the identification of GB2-Cy3 as a GLUT-specific fluorescent glucose 
bioprobe. GB2-Cy3 was ten times more sensitive than 2-NBDG, a leading fluorescent 
glucose bioprobe, as was confirmed by flow cytometry and fluorescence microscopy 
analyses. GB2-Cy3 was successfully utilized in three different systems to 
quantitatively monitor changes of glucose uptake in metabolically active C2C12 
myocytes under various treatment conditions. (Chapter 2) GB2-Cy3 was used to 
evaluate a small molecule activator of AMPK, Ampkinone (AKN). AMPK is an 
important energy sensor in mammalian cells and an attractive target molecule for the 
treatment of metabolic disorders, including obesity and type 2 diabetes. It has been 
well established that activation of AMPK stimulates glucose uptake by increasing 
GLUT4 translocation to the cell surface. Therefore, we observed glucose uptake 
perturbation by AKN with our own glucose bioprobe, GB2-Cy3. The detailed 
mechanism of AKN action was also studied with GB2-Cy3. (Chapter 3) The great 
success of one photon glucose bioprobe made us to extend our research area to two 
photon microscopy for tissue imaging. Based on the GB2-Cy3 structure, we have 
developed a new TP tracer, AG2, that can be easily taken up by cancer cells and 
tissues through glucose-specific translocation. It can monitor glucose uptake in normal 
and colon-cancer tissues from human patients and can visualize the efficacy of 
anticancer agents in cancer cells and colon-cancer tissues. (Chapter 4) Besides glucose 
bioprobes, we have successfully developed TBPCA as a fluoride ion probe for 
fluorescence cell bioimaging. We also demonstrated fluorescence cell bioimaging 
using TBPCA for the detection of NaF in A549 human epithelial lung cancer cells 
under physiological conditions. Moreover, TBPCA can be utilized for the 
quantification of fluoride ions in living systems. (Chapter 5) In Chapter 6, 
development of a zidovudine (ZDV) probe (ZP) is described. ZDV has been used for 
AIDS treatment worldwide. Therefore, researches about ZDV side effects are very 
important. In order to provide the quantitative measurement tool for the side effect 
studies of ZDV therapy, we accomplished the bio-orthogonal tracing of ZDV-
incorporated DNA in the in-gel fluorescence imaging system as well as cellular 
imaging of ZDV-incorporated mammalian chromosomes. Most importantly, unlike 
other existing methods such as autoradiography or immunostaining, we were able to 
quantify the incorporation efficiency of ZDV by different kinds of DNA-synthesizing 
enzymes on the basis of our unique observation of band shifts induced by specific 
labeling of cationic Cy3-labeled ZP. 
In Part II, screening bioactive small molecules (Chapter 1) and development of 
a new target identification method (Chapter 2) are described. Based on our research of 
bioprobe development, we discovered a novel nonsteroidal androgen receptor(AR) 
antagonist using a cell-based reporter gene assay, along with our small-molecule 
library constructed using a diversity-oriented synthetic pathway. A novel benzopyran-
fused tetracyclic core imbeded compound 6 f was identified as having an excellent 
antagonistic activity confirmed by western blot analysis, RT-PCR, and in vitro cellular 
proliferation assay. We also demonstrated that compound 6 f is active against not only 
WT AR but also mutant AR, such as T877A or W741L (bicalutamide-resistant AR 
mutant). This new molecular framework might provide valuable insight for the 
development of therapeutics able to treat advanced prostate cancer. (Chapter 1) To 
understand the mechanism of action of the bioactive small molecules, we have 
developed a new target identification method, FITGE, which aims to observe 
interactions between proteins and small molecules in an intact cellular environment. 
After a series of failures using conventional target identification methods, we 
successfully identified the protein target of anti-proliferative compound with FITGE 
only in live cells, and observed the environment-dependent binding events of a 
functional small molecule by direct comparison between live cells and cell lysates. 
The FITGE method can address the current limitations of conventional target 
identification methods and can significantly enhance the possibility of target 
identification through the combination of the covalent capturing of target proteins in 
an intact cellular environment and the efficient exclusion of nonspecific protein 
labeling using two-color 2DGE. We believe our FITGE method provides a unique 
means of target identification in live cells. 
 
Keywords : Glucose Bioprobe, AMPK, Diabetes, Obesity, Two-Photon Glucose 
Bioprobe, Fluoride, Zidovudine, Androgen Receptor, Anticancer Agent, Target 
Identification. 
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Chapter 1.  Development of a Cy3-Labeled Glucose Bioprobe 
and Its Application in Bioimaging and Screening for Anticancer 
Agents 
 




Glucose is the most important energy source for cell growth; therefore, a fast-
growing cancer cell requires more glucose than a normal cell. One of the biochemical 
marker in tumor malignancy is enhanced tumor glycolysis primarily due to the 
overexpression of glucose transporters (GLUTs) and the increased activity of 
mitochondria-bound hexokinases in tumors.[1] The in vitro and in vivo assessment of 
glucose utilization has been of considerable interest to scientific communities, 
especially those in the biological and biomedical fields. One of the successful 
applications of this assessment is tumor diagnosis using [18F] 2-fluoro-2-
deoxyglucose (18FDG)-based positron emission tomography (PET).[2a-b] PET with 
18FDG is a molecular imaging modality that monitors metabolic perturbation in tumor 
cells and allows the imaging of the exact positions of tumors in the human body; 
therefore, it is widely applied in the diagnosis of various tumors.[2c-d] A fluorescent 2-
deoxyglucose analog, i.e., 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-
D-glucose (2-NBDG), was developed and extensively studied, primarily by Yoshioka 
et al.[3] 2-NBDG has been widely applied in various studies, especially for tumor 
imaging and examination of GLUT-related cell metabolism.[3–8] In addition, some 2-
deoxyglucose analogs have been reported.[9-10] However, these analogs have several 
limitations; therefore, we designed and synthesized a novel fluorescent-labeled 
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glucose analog—Cy3 linked O-1-glycosylated glucose—not a N-2-glycosylated one 
like the previous analogs (Scheme 1) 
           
Scheme 1. Structure of fluorescence labeled glucose bioprobes.  FITC-labeled 
cellobiose (1); 2-NBDG (2); Cy3-labeled α-glucose (3); Cy3-labeled β-Glucose (4) 
 
Results and Discussion 
 
In our initial approach, the natural disaccharide, cellobiose, was directly 
labeled with fluorescence isothiocyanate (FITC) by reductive amination[11] using 
sodium borohydride. However, this approach has several disadvantages: first, the 
yield is low, and the purification process is tedious; second, only the β anomer form 
of bioprobes was prepared using this procedure. In addition, FITC was not the 
appropriate fluorescent dye for this study due to its photochemical properties and fast 
photobleaching during experimentation with a confocal laser scanning microscope 
(CLSM) or fluorescent microscope. Due to these limitations, a second approach was 
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pursued to improve the reaction yields by using simple purification steps and to 



































a) 2-bromoethanol, Dowex 50WX8-400 ion exchange resin, 70oC reflux;  b) benzoyl chloride, 
pyridine, DMAP; c) N-Boc-3,6-dioxaoctane-1,8-diamine, triethylamine, DMF, 50oC;  d) (i) NaOMe , 






Scheme 2. Synthetic scheme of Cy3-labeled glucose analogs 
 
The conformation of D-glucose is recognized to be pyranose, a hemiacetal 
ring. Due to the special reactivity of the anomeric hydroxyl group, 2-bromoethanol 
can be regioselectively introduced into the anomeric position by acid-catalyzed 
Fischer glycosylation with a 2:1 (α:β) ratio as confirmed by NMR.[12] The resulting 
reaction mixture was benzoylated for isolation of the α and β anomers (5a and 5b, 
respectively).[13] After the separate coupling of PEG-amine linker (N-Boc-3,6-
dioxaoctane-1,8-diamine)[14] with the both anomers (5a and 5b), the obtained sugar 
(6a) was treated for debenzoylation and de-boc protection (Scheme 2, 6b not shown).  
After basification of the deprotected products with DIPEA in order to remove any 
residual TFA, the resulting chiral glucoside with primary amine can be coupled with 
any probes such as fluorescent dyes or biotin. Our choice in the final modification 
was Cy3 fluorescent dye instead of FITC because the former is tolerant to intense 
light sources and compatible with various bioassay systems. We used in-house Cy3 
carboxylic acid synthesized at high yields based on well-documented procedures.[15] 
EDC coupling of Cy3 carboxylic acid with the resulting glucosides yielded the 
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desired Cy3-labeled D-glucoses after prep HPLC purification. Both anomers of Cy3-
labeled D-glucose were prepared using identical procedures with complete control 
over the stereochemistry on the glucosides, and the final products were completely 
characterized by 1H, 13C NMR, MALDI-TOF MS, and HRMS. 
                      
Figure 1. (A) Cy3-Glc-α uptake by A549 cells. Fluorescence intensities were 
expressed as arbitrary unit (a.u.) determined by continuous measurement from ROIs 
(Regions of Interest) in five independent cells marked on B based on unbiased 
selection. (B) Merged phase-contrast image and fluorescence images in A549 cells 
captured by live-cell imaging with a CLSM. (a) A549 cells after 0 min. (b) A549 cells 
after 60 min. Scale bar is 20 µm. 
 
After completion of chiral Cy3-labeled D-glucose synthesis, we proceeded to 
evaluate the bioapplicability of our bioprobes in a bioassay system. First, we 
measured the efficiency of Cy3-Glc-α (3) uptake into cells by using a CLSM. To 
decide the optimum concentration of Cy3-Glc-α, we allowed A549 cells (human lung 
carcinoma cell line) to incorporate our bioprobe at Cy3-Glc-α concentration of 100 
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µM, 50 µM, 25 µM, 12.5 µM and 6 µM. Based on the repeated tests, we selected 12.5 
µM as the optimum concentration in cellular uptake experiments (see supporting 
information). With an optimized concentration for live cell imaging, we used a CLSM 
to measure the optimum incubation time required to achieve the maximum uptake of 
our bioprobe. As shown in Figure 1, the uptake of our bioprobe by A549 cells 
reaches the maximum within 35 min. Previous work with 2-NBDG (NBD-labeled 2-
aminoglucoside) (2) reported that an apparent maximum uptake of 2-NBDG was 
reached within 30 min, which is consistent with our observation.[16] Under these 
optimized conditions, we tested whether or not our bioprobe acts as a glucose analog. 
                    
Figure 2. (A) Cy3-Glc-α and Cy3-Glc-β uptake by A549 cells. Fluorescence 
intensities were expressed as an arbitrary unit (a.u.) determined by fluorometry, and 
data are the mean of 35–50 cells from an experimental representative of at least two 
independent experiments. (B) Efficiency of Cy3-Glc-α uptake in cancer cells (A549, 
HeLa) vs. normal cells (WI-38, NIH/3T3). (C) Comparison of Cy3-Glc-α uptake by 
A549 cells (a, e), HeLa cells (b, f), WI-38 cells (c, g) and NIH/3T3 cells (d, h); (a–d) 
Phase-contrast images; (e–h) Fluorescence images. Scale bar in (a) is 40 µm. 
 
Compared to 2-NBDG, our bioprobe is an O-glycosylated glucose analog at 
the C-1 position; therefore, we asymmetrically synthesized both anomers 
simultaneously under the assumption that the behavior of these anomers could be 
different, because the molecular conformation of Cy3-Glc-α and Cy3-Glc-β would be 
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quite distinct. To confirm our hypothesis, we performed real-time uptake 
measurement of Cy3-Glc-α and compared the findings with those of Cy3-Glc-β by 
live imaging of A549 cells by using inverted fluorescent microscope. As shown in 
Figure 2A, the uptake of Cy3-Glc-α was 40% superior to that of Cy3-Glc-β; this led 
us to the conclusion that the stereochemistry at the C-1 anomeric position definitely 
influences the efficiency of mimicking glucose, and this might be due to the binding 
orientation of D-glucose in GLUTs.[17] Based on this observation, further studies in 
bioimaging and bioapplication were performed only with the α anomer of the Cy3-
glucose analog as our choice of the bioprobe. We also measured the efficiency of 
Cy3-Glc-α uptake, in particular, we focused our attention on the differentiation of 
GLUT-overexpressing cancer cells (A549; lung carcinoma cell line, HeLa; cervical 
carcinoma cell line) instead of normal cells (WI-38; lung normal cell line, NIH/3T3; 
murine fibroblast cell line). Cy3-Glc-α uptake in NIH/3T3 was only 30% that of A549 
cells. Interestingly, Cy3-Glc-α uptake in HeLa cells was almost identical, which 
confirms the selective uptake of Cy3-Glc-α in cancer cells with enhanced glucose-
metabolism (Figure 2B). This data demonstrated that the cellular uptake of Cy3-Glc-
α depends on the higher glucose metabolism in cancer cells, which in turn relies on 
the ATP generated from glycolysis in order to meet the energy requirements of rapid 
replicating tissue. Therefore, glucose metabolism is strongly correlated with the 
GLUT/hexokinase expression levels. This data led us to the application of Cy3-Glc-α 
in bioimaging and bioassay in cancer studies.  
To confirm whether the intracellular uptake pathway of glucose analogs is 
relevant to that of D-glucose, the direct competition experiment has been utilized in 
many studies.[1,8,9,16] If the cellular uptake of a certain glucose analog depends on the  
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Figure 3. Dose-dependent Cy3-Glc-α uptake inhibition in A549 cells in the absence 
or presence of 10, 50 mM D-glucose. To demonstrate specific inhibition by D-glucose, 
an identical experiment was performed in the presence of 50 mM L-glucose, and this 
resulted in no uptake inhibition. Fluorescence intensities were expressed as arbitrary 
units (a.u.) determined by fluorometry, and the data are the mean of 35–50 cells from 
an experimental representative of at least two independent experiments.  
 
concentration of D-glucose but not on that of L-glucose, then that particular glucose 
analog would enter the cell via a GLUT-mediated glucose uptake system. Based on 
prior experiments, we tested the process of the cellular uptake of Cy3-Glc-α by 
measuring the efficiency of Cy3-Glc-α uptake by A549 cells at 37°C in RPMI1640 
lacking glucose or containing 10 mM D-glucose, 50 mM D-glucose, and 50 mM L-
glucose. As shown in Figure 3, the uptake of Cy3-Glc-α decreased as the 
concentration of D-glucose in the medium increased. However, the uptake of Cy3-
Glc-α was not influenced by the concentration of L-glucose in the medium. In 
addition, we measured the uptake of Cy3-Glc-α using A549 cells in media containing 
55 mM alanine in order to ensure that the osmotic pressure in the medium does not 
affect Cy3-Glc-α uptake, and we observed no difference in the uptake efficiency 
under the media with or without 55 mM alanine (see supporting information). The 
uptake of Cy3-Glc-α by A549 cells is inhibited by D-glucose but not by L-glucose; 
this suggests that Cy3-Glc-α is taken up by the cell through a glucose-specific 
transport system, not by passive diffusion. Therefore, Cy3-Glc-α can function as a D-
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glucose mimic and can be applied as a research tool in the study of glucose 
metabolism. 
 
Figure 4. Uptake image of 2-NBDG and Cy3-Glc-α by A549 cells with different 
conditions: (a, d) 12.5 µM of Cy3-Glc-α with lens exposure of CCD camera for 500 
ms; (b, e) 12.5 µM of 2-NBDG with lens exposure of CCD camera for 500 ms (c, f) 
125µM of 2-NBDG with lens exposure of CCD camera for 11000 ms; (a, b, c) Phase-
contrast image in A549 cells; (d, e, f) Fluorescence image in A549 cells. Fluorescence 
of 2-NBDG cannot be detected in same condition with Cy3-Glc-α case. Even 125 µM 
of 2-NBDG can not be detected with lens exposure of CCD camera for 500 ms. 10 
fold increase of concentration and 20 fold increase of lens exposure time was needed 
to get measurable fluorescence intensity with 2-NBDG than with Cy3-Glc-α. Scale 
bar in (a) is 40 µm. 
 
We confirmed that Cy3-Glc-α acts as a D-glucose analog, and we compared 
Cy3-Glc-α with a fluorescent analog of 2-deoxyglucose, i.e., 2-NBDG.[1,3-8] The 
cellular uptake of 2-NBDG cannot be detected under the identical experimental 
condition of Cy3-Glc-α. To achieve fluorescence intensity with 2-NBDG up to 80% 
that of Cy3-Glc-α, 10 fold increase of 2-NBDG concentration and 20 fold increase of 
lens exposure time in D-glucose-depleted medium were needed with identical 
experimental setups. In addition, the cellular uptake of 2-NBDG in normal media 
(containing 10 mM D-glucose) is extremely low (>60% uptake reduction in normal 
media) and can be hardly detected using fluorescent based imaging methods.[16] It is 
detectable only in glucose-depleted media, and this is a critical limitation of its 
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bioapplication in the biologically significant environments. In comparison with 2-
NBDG, the reduction of Cy3-Glc-α uptake in glucose-containing media is 5% 
compared to that in glucose-depleted media (Figure 4). Therefore, Cy3-Glc-α can be 
applied in a bioassay system without glucose starvation. 
            
Figure 5. (A) Cy3-Glc-α uptake by A549cells is measured after 0, 3, 6, 12, and 24 h 
of treatment with taxol (9.8 µM) at 37oC. Fluorescence intensities were expressed as 
an arbitrary unit (a.u.) determined by fluorometry and the data are the mean of 35–50 
cells from an experimental representative of at least two independent experiments.  (B) 
Comparison of Cy3-Glc-α uptake by A549 cells after treatment with taxol (9.8 µM) at 
37oC for the following durations: (a) 0 (b) 3 (c) 6 (d) 12, and (e) 24 h. (f) phase-
contrast image after 6 h incubation. After incubation with taxol, each image was 
captured with a fluorescent microscope after 30 min of Cy3-Glc-α treatment as 
described in the supplementary information. Fluorescence intensity decreased as the 
incubation time with taxol was increased. Scale bar in (a) is 40 µm.  
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Based on the fact that Cy3-Glc-α could be taken up by cells as a D-glucose 
analog through a D-glucose specific transport mechanism in normal glucose-
containing medium, we applied Cy3-Glc-α to the screening of small molecule 
modulators involved in cellular metabolism. We postulated that the depression of 
cellular metabolism in cancer cells can be caused by anticancer agents, which is 
closely related to the reduction of glucose uptake. We intended to monitor this 
phenomenon by our fluorescent bioprobe Cy3-Glc-α. As a proof-of-principle 
experiment, we treated A549 cancer cells with taxol, an anticancer agent, and we 
measured the uptake of Cy3-Glc-α at 3, 6, 12, and 24 h after treatment. When we 
treated the cells with 9.8 µM taxol, the cellular uptake of our bioprobe reduced as the 
incubation time increased (Figure 5); this clearly demonstrates the potential of Cy3-
Glc-α for evaluation of the metabolic perturbation caused by bioactive small 
molecules in live cells under physiological conditions. Therefore, Cy3-Glc-α should 
not affect cell viability. By measuring the viability of cells treated with Cy3-Glc-α 
(12.5 µM) by using a CCK-8 kit [Dojindo, Japan], we concluded that Cy3-Glc-α 
treatment does not affect cell viability under our incubation conditions (see supporting 
information). We also observed the dose dependency of Cy3-Glc-α uptake by 
changing the taxol concentration from 490 nM to 49 nM (Table 1). Another 
anticancer agent, i.e., combretastatin, also prohibited cellular proliferation by 
disturbing cellular metabolism, as indicated by a reduction in the cellular uptake of 
Cy3-Glc-α. Based on these proof-of-principle experiments, we are confident that Cy3-
Glc-α can be used to evaluate the behavior of bioactive small molecules in cells in a 
manner similar to the MTT assay, which measures the mitochondrial function.[18] The 
advantages of a screening system with Cy3-Glc-α over an MTT assay are as follows: 
first, the measurement time is short. MTT assays usually take 24 h and up to 72 h in 
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many cases, i.e. when taxol and combretastatin are used; however, the screening 
system with Cy3-Glc-α showed significant differences in 6 h and maximum 
difference in 12 h. Second, the observation channel of a screening system with Cy3-
Glc-α is quite different from that of a cell-viability assay; the former involves 
measuring glucose-uptake efficiency, and the latter involves measuring mitochondria 
function. Therefore, we envision that the two assay systems will compensate for each 
others limitations. 
        Table 1. Dose dependence of Cy3-Glc-α uptake by A549 cells in the presence of 
various concentrations of anticancer agents. 
 
 After 6 h After 12 h 
Taxol (9.8 µM) 54.8% 50.2% 
Taxol (490 nM) 88.4% 61.8% 
Taxol (49 nM) 96.5% 86.9% 





We designed and completed the asymmetric synthesis of novel fluorescent 
glucose analogs, and we demonstrated the importance of stereochemistry at the 
anomeric C-1 position of glucose in the efficiency of cellular uptake in A549 lung 
carcinoma cells. The chiral bioprobe of our choice, namely Cy3-Glc-α, showed 
superior properties as a glucose uptake tracer compared to the previously reported 2-
NBDG. We also developed the novel system for the screening of anticancer agents 
via the detection of metabolic perturbation by measuring glucose uptake in cancer 
cells with our bioprobe Cy3-Glc-α. The development of the high throughput screen 
(HTS) system using Cy3-Glc-α is currently underway, not only for the discovery of 
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novel anticancer gents but also for that of glucose-uptake regulating agents for the 
treatment of obesity or diabetes.[16] 
 
Supporting Information 
D-(+)-Cellobiose, and D-(+)-glucose, acetic anhydride, sodium borohydride, sodium 
methoxide (0.5 M solution in methanol), fluorescein isothiocyanate (FITC), benzoyl 
chloride, pyridine, DMF, DMSO and trifluoroacetic acid (TFA) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). 1,6diaminohexane was purchased from Fluka 
(Switzerland). N,N-Diisopropylethylamine, triethylamine, and 2-bromoethanol were 
purchased from TCI (Japan). The 1H and 13C NMR spectra were recorded on a Bruker 
DRX-300 (Bruker Biospin, Germany) and Varian Inova-500 (Varian Assoc., Palo 
Alto, USA), and chemical shifts were measured in ppm downfield from internal 
tetramethylsilane (TMS) standard. The desired products were identified with MALDI-
TOF MS analysis using Bruker Daltonics(Germany). The identity of final compounds 
was confirmed by high-resolution mass spectrometry (HRMS). HRMS analysis was 
performed at the Mass spectrometry facility of the National Center for Inter-university 
Research Facilities, Seoul National University. Reverse phase HPLC analysis was 
performed on a VP-ODS C-18 column (150 x 4.6 mm) at a flow rate of 1.0 mL/min 
for analysis, and PRC-ODS C-18 column (250 x 20 mm) at a flow rate of 10.0 
mL/min for preparation, Shimadzu LC-6AD pump, SPD10A detector (Japan). HPLC 
solvents consist of water containing 0.1% TFA (solvent A) and acetonitrile containing 
0.1% TFA (solvent B).  
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Supporting Scheme 1. Synthetic scheme of Cy3-labeled glucose analogs 
	  
(2-Bromoethyl)-2,3,4,6-tetra-O-benzyl-a-D-glucoside (5a) Glucose (1 g, 5.55 mmol) 
was dissolved in 2-bromoethanol (6 mL, 85 mmol) with Dowex 50WX8-400 ion 
exchange resin (1 g). The reaction mixture was refluxed at 70 °C overnight and the 
reaction completion was monitored by TLC.
[12]
 The reaction mixture was filtered to 
remove the resin and concentrated in vacuo. After the purification of glycosylated 
compound by silica-gel flash column chromatography (ethyl acetate : MeOH = 10 : 1 
to 5 : 1), the desired compound was achieved as a mixture of a and ß anomers in 2:1 
ratio (total yield 74%) confirmed by NMR. For further modification, free hydroxyl 
groups on resulting (2-bromoethyl)-D-glucoside (2.7 g, 9.5 mmol) were benzoylated 
in pyridine (60 mL) by drop-wise addition of benzoyl chloride (8.8 mL, 76 mmol) 
over 10 min at 0 °C, followed by stirring at room temperature for overnight in the 
presence of DMAP (116 mg, 0.952 mmol).
[13] 
The mixture was quenched with the 
addition of MeOH (10 mL) and the reaction mixture was diluted with ethyl acetate. 
The organic layer was washed with 1H HCl and sat. NaHCO3, and dried over 
anhydrous MgSO4. Then, organic layer was filtered and condensed under reduced 
pressure, and the desired each anomer was successfully isolated by silica-gel flash 
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column chromatography (ethyl acetate : n-hexane = 1:3) in 2:1 (a:ß) ratio. 1H NMR 
(300 MHz, CDCl3) 8.09–7.89 (m, 8H), 7.54–7.31 (m, 12H), 6.23 (t, J = 9.9 Hz, 1H), 
5.70 (t, J = 9.9 Hz, 1H), 5.44 (d, J = 3.6 Hz, 1H), 5.33 (dd, J = 10.1, 3.7 Hz, 1H), 
4.64–4.56 (m, 2H), 4.48 (dd, J = 11.9, 5.1 Hz, 1H), 4.16–4.03 (m, 1H), 3.94–3.85 (m, 
1H), 3.76–3.70 (m, 2H); 13C NMR (75 MHz, CDCl3) 166.20, 165.88, 165.78, 165.30, 
133.48, 133.19, 129.98, 129.91, 129.76, 129.72, 129.63, 129.10, 128.93, 128.79, 
128.45, 128.32, 96.31, 71.83, 70.30, 69.34, 68.92, 68.31, 62.95, 29.80; MALDI TOF 
MS calcd for C36H43O12 [M+H]+ 703.11; found: 703.05.  
(2-Bromoethyl)-2,3,4,6-tetra-O-benzyl-ß-D-glucoside (5b) 1H NMR (300 MHz, 
CDCl3) 8.04–7.81 (m, 8H), 7.44–7.28 (m, 12H), 5.91 (t, J = 9.6 Hz, 1H), 5.67 (t, J = 
9.7 Hz, 1H), 5.54 (dd, J = 7.9, 1.7 Hz, 1H), 4.93 (d, J = 7.8 Hz, 1H), 4.66 (dd, J = 9.1, 
3.0 Hz, 1H), 4.48 (dd, J = 6.8, 5.3 Hz, 1H), 4.24–4.07 (m, 2H), 3.94–3.83 (m, 1H), 
3.49–3.36 (m, 2H); 13C NMR (75 MHz, CDCl3) 166.15, 165.82, 165.22, 133.56, 
133.34, 129.86, 129.78, 129.55, 129.26, 129.09, 128.75, 128.49, 128.40, 128.37, 
128.29, 101.54, 72.81, 72.40, 71.69, 69.89, 69.64, 63.03, 29.74; MALDI TOF MS 
calcd for C36H43O12 [M+H]+: 703.11 ; found : 703.16.  
[2-(N-boc-3,6-dioxaoctane-1,8-diaminoethyl)]-2,3,4,6-tetra-O-benzyl-a-D-
glucoside (6a) To a solution of (2-bromoethyl)-2,3,4,6-tetra-O-benzyl-a -D-glucoside 
5a (120 mg, 0.170 mmol) in 1 mL anhydrous DMF was added N-Boc-3,6-
dioxaoctane-1,8-diamine
[14]
 (127 mg, 0.512 mmol) and TEA(71 µL, 0.512 mmol), 
and the reaction mixture was stirred at 50°C. After the reaction completion monitored 
by TLC, the resulting solution was diluted with ddH2O, then extracted with ethyl 
acetate. The combined organic layer was washed with brine and condensed under 
reduced pressure. The desired product 6a was purified by silica-gel flash column 
chromatography (chloroform: ethanol: TEA= 87:8:5) as a yellowish oily compound 
	  
	   16	  
(114 mg, 76%). 1H NMR (300 MHz, CDCl3) 8.06–7.86 (m, 8H), 7.52–7.28 (m, 12H), 
6.19 (t, J = 9.8 Hz, 1H), 5.71 (t, J = 9.6 Hz, 1H), 5.40 (d, J = 3.5 Hz, 1H), 5.33 (dd, J 
= 10.1, 3.7Hz, 1H), 4.62 (d, J = 9.5 Hz, 1H), 4.50–4.47 (m, 2H), 3.99–3.94 (m , 1H), 
3.72–3.60 (m, 2H), 3.54–3.50 (m, 6H), 3.44 (t, J = 5.1 Hz, 2H), 3.29 (d, J = 4.5 Hz, 
2H), 2.92–2.86 (m, 2H), 2.78–2.73 (m, 2H), 2.32 (s, 2H), 2.20 (s, 1H), 1.42 (s, 9H); 
13C NMR (75 MHz , CDCl3) 166.17, 165.83, 165.69, 165.27, 156.03, 133.44, 133.13, 
129.88, 129.85, 129.73, 129.67, 129.10, 128.97, 128.86, 128.49, 128.41, 128.30, 
96.26, 79.09, 71.96, 70.47, 70.44, 70.18, 69.48, 68.41, 67.86, 67.08, 62.93, 49.00, 
48.66, 40.35, 28.42; MALDI TOF MS calcd for C47H55N2O14 [M+H]+: 871.36; found : 
871.51.  
[2-(N-boc-3,6-dioxaoctane-1,8-diaminoethyl)]-2,3,4,6-tetra-O-benzyl-ß-D-
glucoside (6b) We used a similar procedure described for 6a above to prepare 6b 
from 5b. The crude product was purified by silica-gel flash column chromatography 
to afford 104 mg (70 %) of 6b: 1H NMR (300 MHz, CDCl3) 8.19–7.81 (m, 8H), 7.54–
7.25 (m, 12H), 5.90 (t, J = 9.6 Hz, 1H), 5.68 (t, J = 9.7 Hz, 1H), 5.52 (t, J = 8.0Hz, 
1H), 4.89 (d, J = 7.8 Hz, 1H), 4.65 (dd, J = 12.1, 2.9 Hz, 1H), 4.50 (dd, J = 12.1, 4.9 
Hz, 1H), 4.18–4.15 (m, 1H), 4.06–4.00 (m, 1H), 3.75–3.68 (m, 1H), 3.50–3.46 (m, 
6H), 3.36(t, J = 5.2 Hz, 2H), 3.29 (d, J = 4.7 Hz, 2H), 2.82–2.66 (m, 4H), 1.98 (s, 2H), 
1.42 (s, 9H); 13C NMR (75 MHz, CDCl3) 191.84, 166.14, 165.80, 165.19, 165.10, 
133.45, 133.29, 133.25, 133.15, 129.81, 129.75, 129.56, 129.22, 128.76, 128.41, 
128.30, 101.43, 79.11, 72.89, 72.24, 71.92, 70.52, 70.19, 70.09, 69.90, 69.69, 63.12, 
48.92, 40.34, 28.43; MALDI TOF MS calcd for C47H55N2O14 [M+H]+: 871.36; found : 
871.59. 
[2-(N-Cy3-3,6-dioxaoctane-1,8-diaminoethyl)]-a-D-glucose (3) To a solution of 6a 
(20 mg, 0.023 mmol) in 1 mL of MeOH was added sodium methoxide (0.5 M in 
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MeOH, 368 µL, 0.184 mmol) for debenzoylation of 6a. After reaction was completed, 
the mixture was neutralized with methanolic HCl, and then concentrated in vacuo. For 
the deprotection of Boc group on primary amine, 50% TFA in dichloromethane was 
added to the residue, followed by concentration by N2 purging. The resulting fully 
deprotected compound in DMF (300 uL) was slightly basified with DIPEA and added 
with Cy3-OH[15] (10 mg, 0.022 mmol) and EDC (7 mg, 0.046 mmol) in 50 uL DMF. 
The reaction mixture was stirred at room temperature and the reaction was monitored 
by HPLC analysis. The elution protocol for analytical HPLC starts with 95% A for 5 
min, followed by a linear gradient to 5% A over 35 min, continued to 0% A over 5 
min, held at 0% A for 15 min, and finally returned to 95% A over 10 min. Purification 
by prep HPLC affords 5.2 mg (30 %) of 3 (retention time: 25 min). The desired 
product was confirmed by 1H, 13C NMR, MALDI-TOF MS, and HRMS: 1H NMR 
(500 MHz, MeOD) 8.55 (t, J = 13 Hz, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.45 (q, J = 7 Hz, 
2H), 7.37–7.29 (m, 5H), 6.43 (d, J = 13.5 Hz, 2H), 4.16 (t, J = 7.5 Hz, 2H), 4.03–3.99 
(m, 1H), 3.82 (dd, J = 11.5, 2.0 Hz, 1H), 3.75 (t, J = 4.5 Hz, 2H), 3.69 (s, 5H), 3.66–
3.59 (m, 7H), 3.53(t, J = 6.0 Hz, 3H), 3.48 (dd, J = 9.5, 3.5 Hz, 1H), 3.36 (t, J = 6.0 
Hz, 4H), 3.28–3.26 (m, 4H), 2.30 (t, J = 7.0 Hz, 2H), 1.80 (s, 17H); 13C NMR (125 
MHz, MeOD) 175.56, 174.77, 174.36, 150.96, 142.84, 142.13, 140.97, 128.77, 
125.61, 125.52, 122.33, 122.17, 111.17, 111.00, 102.60, 102.39, 99.05, 73.71, 73.11, 
72.03, 70.35, 70.20, 70.01, 69.35, 65.63, 62.48, 61.43, 49.42, 43.71, 38.98, 35.04, 
30.55, 27.11, 26.93, 26.73, 22.79; HRMS(FAB+): calcd for C43H63N4O9 [M]+: 
779.4595; found, 779.4601. 
[2-(N-Cy3-3,6-dioxaoctane-1,8-diaminoethyl)]-ß-D-glucose (4) We used a similar 
procedure described for 3 above to prepare 4 from 6b. The crude product was purified 
by prep HPLC to afford 7.6 mg (42 %) of 4: 1H NMR (500 MHz, MeOD) 8.58 (t, J = 
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13.5 Hz, 1H), 7.57 (d, J = 7.0 Hz, 2H), 7.48 (d, J = 4.5 Hz, 2H), 7.39–7.34 (m, 4H), 
6.46 (d, J = 13.5 Hz, 2H), 4.38 (d, J = 7.5 Hz, 1H), 4.19 (t, J = 7.0 Hz, 2H), 4.14–4.11 
(m, 1H), 3.97–3.91 (m, 2H), 3.77 (t, J = 5.0 Hz, 2H), 3.72–3.66 (m, 9H), 3.56 (t, J = 
5.5 Hz, 2H), 3.40–3.24 (m, 11H), 2.33 (t, J = 6.5 Hz, 2H), 1.79 (s, 17H); 13C NMR 
(125 MHz, MeOD) 175.56, 174.77, 174.36, 150.96, 142.83, 142.13, 140.97, 128.78, 
125.62, 125.53, 122.33, 122.17, 111.18, 111.09, 102.97, 102.61, 102.39, 77.02, 76.71, 
73.69, 70.33, 70.16, 70.01, 69.36, 65.53, 64.49, 61.36, 49.42, 43.71, 38.97, 35.05, 
30.51, 27.11, 26.93, 26.73, 22.79; HRMS(FAB+) calcd for C43H63N4O9[M]+: 
779.4589; found, 779.4609. 
	  
Supporting Scheme 2. First synthetic approach of fluorescent glucose analog by 
reductive amination from cellobiose 
 
5-(3-(6-aminohexyl)thioureido)-2-(3-hydroxy-6-oxo-6H-xanthen-9-yl)benzoic 
acid (7) To a cooled solution of 1,6-diaminohexane (4.8 g, 41 mmol) in 20 mL of 
MeOH was slowly added FITC (400 mg, 1 mmol) in 40 mL of anhydrous DMF. The 
reaction mixture was added with TEA (0.17 mL, 1.23 mmol), and stirred at room 
temperature for 6 h. The reaction was monitored by TLC. After completion, the 
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resulting solution was concentrated under reduced pressure. The desired compound 
was obtained by recrystallization with methanol/dichloromethane as a scarlet solid 
(520 mg, quantitative yield). 
2-(3-hydroxy-6-oxo-6H-xanthen-9-yl)-5-(3-(6-((4R,5S)-2,3,5,6-tetrahydroxy-4-
((2S,3S,4S,5S)-3,4,5-trihydroxy-6-(hydroxymethyl)-tetrahydro-2H-pyran-2-
yloxy)hexylamino)hexyl)thioureido) benzoic acid (1) To a solution of 5-(3-(6-
aminohexyl)thioureido)-2-(3-hydroxy-6-oxo-6H-xanthen-9-yl)benzoic acid (315 mg, 
62,4 mmol) in a minimal amount of methanol was added cellobiose (1 g, 3 mmol) in a 
minimal amount of ddH2O. The reaction mixture was stirred at room temperature for 
10 h and heated for 6 h at 55oC. The resulting solution was added with NaBH4 (0.1 g, 
2.8 mmol) in MeOH, and then stirred at room temperature overnight. The solvent was 
removed under reduced pressure and the residue was freeze-dried. The desired 
product was purified by gradient reverse-phase prep HPLC as a scarlet solid (70 mg, 
13.5%). ES-MS calcd for C39H50N3O15S [M+H]+: 832.29. Found: 832.2. 
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Cell culture: A549 human lung melanoma cells, HeLa human cervical carcinoma 
cells, NIH/3T3 murine fibroblast cells, WI-38 human lung fibroblast cells were 
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). 
A549 cells, HeLa cells and WI-38 cells were cultured in RPMI 1640 (United Search 
Partners, Austin, TX, USA) supplemented with heat-inactivated 10% (v/v) fetal 
bovine serum (FBS, United Search Partners, Austin, TX, USA) and 1 % (v/v) 
Antibiotic-Antimycotic solution(United Search Partners, Austin, TX, USA). NIH/3T3 
were cultured in DMEM (United Search Partners, Austin, TX, USA) supplemented 
with heat-inactivated 10% (v/v) fetal bovine serum (FBS, United Search Partners, 
Austin, TX, USA) and 1 % (v/v) antibiotic-antimycotic solution(United Search 
Partners, Austin, TX, USA). All the cell lines were maintained in a humidified 
atmosphere of 5% CO2 and 95% air at 37°C, and cultured in T75 Flask (Nalge Nunc 
International, Naperville, IN, USA) in order to observe fluorescence emission by 
confocal laser scanning microscopy (CLSM). 
	  	  	  	  	  	  	  	  	   	  
Supporting Figure 1. Determination of the optimum concentration of Cy3-Glc-a in 
A549 cells a) 100 µM; b) 50 µM; c) 25 µM; d) 12.5 µM; e) 6 µM. 
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Protocol of Confocal Laser Scanning Microscope: 1 x 104 Cells were cultured on a 
Lab-Tek glass chamber slide (Nalge Nunc International, Naperville, IN, USA) in 35 
mm cell culture dish. After 24 h, the glass chamber slide was taken from culture dish 
and loaded on chamber. Then, the chamber is attached to the microscope. The 
temperature of the chamber is maintained at 37°C. After Injection of 12.5 µM of Cy3-
Glc-α in RPMI 1640 in chamber, the fluorescent image was taken every 60s, 
digitalized, and saved on the computer for later analysis. To decide the optimum 
concentration of Cy3-Glc-α, we allowed A549 cells (human lung carcinoma cell line) 
to incorporate our bioprobe at Cy3-Glc-α concentration of 100 µM, 50 µM, 25 µM, 
12.5 µM and 6 µM (See Supporting Figure 1). Based on the repeated tests, we 
selected 12.5 µM as the optimum concentration in cellular uptake experiments. 
	  
Supporting Figure 2. a) Merged image of phase contrast image and fluorescence 
image in A549 cells after 30 min of Cy3-Glc-a incubation. b) Fluorescence image of 
a). Boundary with red line is for measurement of Cy3 intensity. 
 
Protocol of Inverted Fluorescent Microscope: 1? 104 Cells were cultured on a Lab-
Tek glass chamber slide (Nalge Nunc International, Naperville, IN, USA) in 35 mm 
cell culture dish. After 24 h, cells were treated for each experimental purpose. Then, 
12.5 µM of Cy3-Glc-a containing RPMI 1640 is replaced with media. Cells were 
exposed to Cy3-Glc-a for 40 min, then washed with PBS (phosphate buffered saline) 
3 times. Finally, the glass chamber slide was taken from culture dish and loaded on 
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the fluorescence microscope (Axiovert 200, Carl Zeiss, Germany). Fluorescence 
images of 35–50 cells were taken by CCD camera (Axiocam MRm, Germany) and 
fluorescence intensity of each cells was measured by Axiovision (program for data 
analysis). With Axiovision, we draw an area as ROIs (regions of interest) which 
contains a cell in phase-contrast image. Axiovision analyses CCD camera images and 
let us know the digitalized mean of fluorescence intensity in the ROIs that we 
determined. We subtract the background intensity from the fluorescence intensity to 
get the fluorescence intensity value that a cell contains. (See Supporting Figure 2) 
With the method which is described above, we digitalized fluorescence intensity and 
perform various experiments.  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Supporting Figure 3. Cy3-Glc-α uptake by A549 in the absence or presence of 55 
mM alanine. There are no differences of uptake efficiency in media with or without 
55 mM alanine. 
 
To perform the direct competition experiment, we measure uptake of Cy3-
Glc-α by A549 with media containing 55 mM alanine to make sure that osmotic 
pressure in media does not affect the uptake of Cy3-Glc-α. There were no differences 
of uptake efficiency in media with or without 55 mM alanine. (See Supporting 
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Figure 3) This result makes sure that osmotic pressure does not affect uptake of Cy3-
Glc-α by A549. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Supporting Figure 4. Cell viability is measured using CCK-8 kit after treatment with 
Cy3-Glc-α (12.5 µM). Cy3-Glc-α treatment does not affect cell viability in our 
incubation condition. 
 
We assume that the perturbed cellular metabolism of cancer cells by 
anticancer agents would be depressed, which is closely related to the reduction of 
glucose uptake. We intended to monitor this phenomenon by our fluorescent bioprobe, 
Cy3-Glc-α. For this purpose, Cy3-Glc-α should not affect cell viability. The viability 
measurement of cells treated with Cy3-Glc-α (12.5 µM) using CCK-8 kit (Cell 
Counting Kit-8, Dojindo, Japan) is measured by ELISA plate reader (ELx800™, 
BioTek, USA). CCK-8 is a colorimetric assay for determining the number of viable 
cells in cell proliferation and cytotoxicity assays. The principle of measuring cell 
viability of CCK-8 is same with that of MTT. However, CCK-8 is more sensitive than 
MTT, Hence we chose CCK-8 for cell viability test. With the result by CCK-8, we 
could conclude that Cy3-Glc-α treatment does not affect cell viability in our 
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Chapter  2.  Development of a New Series of Fluorescent Glucose 
Bioprobes and Their Application on Real-Time and Quantitative 
Monitoring of Glucose Uptake in Living Cells 
 
- Chem. Eur. J. 2012, 17, 143. 
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Introduction 
 
After the successful application of our novel fluorescent glucose bioprobe, 
Cy3-Glc-α, in cancer research[1], we focused on the monitoring of glucose uptake for 
the study of metabolic diseases, particularly diabetes mellitus, in which the 
maintenance of cellular glucose homeostasis is a key event that must be monitored. In 
this Chapter, we report the development and optimization of an image-based real-time 
monitoring system of glucose uptake in metabolically active cells, such as adipocytes 
and muscle cells. Furthermore, we applied our monitoring system in flow cytometry 
analysis for the quantitiative evaluation of cellular events in order to overcome the 
limitations associated with image-based analysis; Flow cytometry analysis allows for 
simultaneous multiparametric analysis of the characteristics of single cells by using an 
optical detection apparatus.[2] 
 
Results and Discussion 
To develop an efficient glucose monitoring system, we designed and 
synthesized various fluorescence-labeled analogues of D-glucose. On the basis of our 
previous study on Cy3-Glc-α, we expanded our panel of fluorescent glucose 
bioprobes through the incorporation of three different organic fluorophores Cy3, 
fluorescein isothiocyanate (FITC), and rhodamine B isothiocyanate (RITC) through 
linker molecules connected at the α-anomeric position of D-glucose. However, FITC-
based glucose analogues are not suitable for use in real-time cellular monitoring, 
because of the FITC’s susceptibility to photobleaching under the fluorescence 
microscopy measurement. In the case of RITC-based D-glucose analogues, we failed 
to observe either competitive cellular influx under the increased concentration of D-
glucose in the medium or a significant deterioration of cellular influx in the presence 
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of high concentrations of D-glucose, which was systematically evaluated in NIH/3T3 
fibroblast cells. 
This implies that RITC-based glucose bioprobes are taken up not by GLUT-
specific cellular translocation, but by passive diffusion. Therefore, we synthesized a 
new series of Cy3-labeled glucose analogues with diverse linkers connected at the a-
anomeric position of D-glucose. Seven Cy3-labeled glucose analogues were 
synthesized and subjected to biological evaluation tests for studying the competitive 
cellular uptake of these analogues in the presence of D-glucose through glucose 
transporters. 
 
After synthesizing the aforementioned seven Cy3-labeled glucose analogues 
(GBs-Cy3), we performed a competition assay of these bioprobes using flow 
cytometry for the systematic and quantitative evaluation of various GBs-Cy3 with 
different linkers. To measure the competitive cellular uptake of GBs-Cy3, NIH/3T3 
fibroblast cells were incubated for 30 min with each GB-Cy3 analogue in the absence 
or presence of 11 mM D-glucose or 11 mM L-glucose. As shown in Figure 1  A, the  
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Figure 1. Glucose competition test in NIH/3T3 using flow cytometry. A) NIH/3T3 
was treated with 5 µM GBs-Cy3 for 30 min and washed with cold PBS; the cells were 
finally analyzed by flow cytometry. Black line: no glucose, blue line: 11 mM L-
glucose; red line: 11 mM D-glucose. B) Normalized fluorescence intensities NIfl. of 
GBs-Cy3 under three different conditions. The signal intensity recorded under each 
condition was normalized to 100 with the fluorescence intensity observed under 
glucose-deficient condition. C) Image-based analysis of glucose competition by 
fluorescence microscopy. NIH/3T3 fibroblast cells were incubated with 5 µM of GB1-
Cy3 (a, c) and 5 µM of GB2-Cy3 (b, d) in the absence (a, b) or presence (c, d) of 11 
mM D-glucose in the DMEM media. The scale bar represents 20 µm. D) Fluorescence 
intensities Ifl were determined by fluorometry: the data are the average of the values 
obtained in measurements performed on 35–50 cells in an experiment that is 
representative of at least two independent experiments. 
 
peaks in the flow cytometry histogram of the GBs-Cy3-treated cells shifted more to 
the left in the presence of 11 mM D-glucose (red line) in comparison with the peaks 
obtained in the absence of glucose (black line) or in the presence of 11 mM L-glucose 
(blue line).[3-5] The fluorescence intensity was reduced to approximately 40–60  % in 
the presence of 11 mM D-glucose in all GBs-Cy3 treatments. Although we observed 
different fluorescence intensities of GBs-Cy3 in the cellular experiments, we focused 
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on the reduction of fluorescence intensity in the presence of D-glucose. Therefore, the 
mean cellular fluorescence intensity values obtained in the absence of D-glucose were 
normalized to 100  % and compared with the reduction in the intensity under three 
different conditions (Figure 1  B). Among the seven GBs-Cy3 derivatives, only GB1-
Cy3 and GB2-Cy3 were found to be suitable for further studies. Upon the uptake of 
GB1-Cy3 and GB2-Cy3 in the D-glucose-containing medium, the cellular 
fluorescence intensity was reduced by approximately 50 and 42  %, respectively, as 
compared to that in the glucose-depleted medium; on the other hand, the fluorescence 
intensity was unaffected in the L-glucose-containing medium. This drastic reduction 
in the fluorescence intensity confirmed that GB1-Cy3 and GB2-Cy3 translocate to the 
cytoplasm through GLUTs by competing with D-glucose, but not with L-glucose. To 
validate this flow-cytometry-based analysis, we carried out a fluorescence-image-
based analysis of GB1-Cy3 and GB2-Cy3. As shown in Figure 1  C and 1D, the 
fluorescence intensity was significantly decreased upon incubation in a medium 
containing 11 mM and 55 mM D-glucose as compared to that in the glucose-deficient 
medium. The direct comparison of these fluorescence images in NIH/3T3 fibroblasts 
confirms that flow cytometry analysis with our fluorescent glucose bioprobes, GB1-
Cy3 and GB2-Cy3, allows the unbiased and reliable evaluation of cellular glucose 
uptake under specific conditions. 
After the identification of GLUT-specific fluorescent glucose bioprobes, we 
compared GB1-Cy3 and GB2-Cy3 with 2-NBDG, a well-known fluorescent glucose 
bioprobe. 2-NBDG, originally reported by Yoshioka, has been widely used in various 
studies, especially for tumor imaging and examination of GLUT-related cell 
metabolism.[4,6,7] For direct comparison of these glucose bioprobes with flow 
cytometry analysis, NIH/3T3 cells were treated with 5 µM of three different glucose  
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Figure 2. Glucose competition test in NIH/3T3 fibroblast cells by flow cytometry 
analysis. A) NIH/3T3 cells were incubated with GB1-Cy3 (5 µM), GB2-Cy3 (5 µM) or 
2-NBDG (5 µM and 50 µM) for 30 min in the absence (black line) and presence (red 
line) of 11 mM D-glucose in the media. After washing with cold PBS, individual cells 
were analyzed by flow cytometry. B) Mean fluorescence intensities Ifl were 
determined by flow cytometry. C) Structure of GB2-Cy3, a new fluorescent glucose 
bioprobe. 
 
bioprobes (GB1-Cy3, GB2-Cy3, and 2-NBDG) in the presence or absence of 11 mM 
D-glucose. As shown in Figure 2, the fluorescence intensity of 2-NBDG-treated cells 
in flow cytometry histograms was very weak and differed slightly in the absence and 
presence of D-glucose, confirming that 2-NBDG does not compete with D-glucose in 
GLUT-mediated cellular uptake. However, the fluorescence intensity decreased by 
approximately 50 and 60  % upon the cellular uptake of GB1-Cy3 and GB2-Cy3, 
respectively, as revealed by flow cytometry analysis. When the concentration of 2-
NBDG was ten times of GB1-Cy3 and GB2-Cy3, fluorescence intensities from 2-
NBDG-treated cells were comparable to one another. Moreover, a small decrease 
(30  %) of the fluorescence intensity was observed upon treatment with 2-NBDG (50 
µM) in the presence and absence of 11 mM D-glucose. In fact, 2-NBDG has been 
widely used as a fluorescent 2-deoxyglucose analogue that is transported into the cells 
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in a GLUT-specific manner. However, the sensitivity of our fluorescent glucose 
bioprobes GB1-Cy3 and GB2-Cy3 is ten times higher than that of 2-NBDG. In 
addition, both GB1-Cy3 and GB2-Cy3 effectively compete with D-glucose in the 
media and translocate into the cytoplasm in a GLUT-specific manner, which was 
confirmed by fluorescence microscopy and flow cytometry. Taken together, 
especially its effective competition with d-glucose, we chose GB2-Cy3 as a selected 
fluorescent glucose bioprobe. 
In continuation of our research on type-2 diabetes, we applied our glucose 
bioprobe GB2-Cy3 for the study of energy homeostasis in metabolically active cells 
such as adipocytes and muscle cells, in which high influx of D-glucose was mediated 
by overexpression of GLUT4. Initially, we pursued the fluorescent-image-based 
analysis of GB2-Cy3 cellular uptake in two cell lines; 3T3  L1 adipocytes and C2C12 
mouse skeletal muscle cells. However, 3T3  L1 cells were not suitable for image-based 
analysis due to the lipid droplets and multilayered growth—the consequence of 
adipocyte differentiation (data not shown). Therefore, we focused on studying the 
homeostasis of cellular glucose influx in C2C12 muscle cells that were effectively 
differentiated with proper size and morphology. 
Therefore, we selected C2C12 mouse skeletal muscle cells as in vitro platform 
for further studies on bioimaging and flow cytometry analysis. To confirm GLUT-
specific cellular translocation of GB2-Cy3, we investigated the competitive inhibition 
of GB2-Cy3 uptake in C2C12 myocytes in the presence of d-glucose, which was 
continuously monitored by confocal laser scanning microscopy (CLSM). As shown in 
Figure 3, the fluorescence intensity of GB2-Cy3-treated C2C12 cells was 50  % 
greater in the absence of D-glucose than that in the presence of 5.5 mM D-glucose, as 
evident from the continuous monitoring of individual cells over a 20 min period after 
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incubation with GB2-Cy3 (10 µM) in the medium. Real-time monitoring of glucose 
uptake in NIH/3T3 fibroblast cells also revealed a similar pattern, indicating that 
GB2-Cy3 translocates into the cytoplasm in a GLUT-specific manner. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 3.  A) Images showing GB2-Cy3 cellular uptake by C2C12 myocytes. The 
scale bar represents 50 µm. B) Normalized fluorescence intensities NIfl.were 
determined by continuous CLSM measurements performed on the region of interest 
(ROI) in five independent C2C12 cells marked in A) and were based on unbiased 
selection. Real-time monitoring of the competitive cellular uptake of GB2-Cy3 was 
carried out by using a confocal laser scan microscope in the absence or presence of 
5.5 mM D-glucose in the media. 
 
As mentioned above, GB2-Cy3 can visualize the level of glucose uptake in 
C2C12 myocytes by means of a GLUT-specific translocation in competition with D-
glucose. Glucose transporters (GLUTs) are a family of membrane proteins, and 13 
members of this family have been identified thus far.[8,9] Among them, GLUT1 and 
GLUT4 are well-characterized transporters that are expressed in various 
tissues.[10,11] In particular, GLUT1 is expressed in the plasma membrane and is 
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responsible for the basal level of glucose uptake in metabolically active adipocytes 
and muscle cells as well as in many other cell types. In contrast, GLUT4 is found in 
adipose tissues and skeletal/cardiac muscles and is known to be responsible for the 
regulation of cellular glucose uptake upon stimulation caused by external factors, 
such as insulin and exercise.[12,13] The level of cellular glucose uptake can be 
controlled by the translocation of GLUT4 from its intracellular storage sites to the 
plasma membrane and this translocation is controlled by two different signalling 
pathways: the insulin-dependent PI3  K/Akt signalling pathway[14,15] and the insulin-
independent AMPK signalling pathway.[16,17] The former pathway is triggered by the 
binding event of insulin receptors with secreted insulin, and the subsequent activation 
of downstream signalling proteins, such as PI3  K and Akt, leads to the GLUT4 
translocation to the plasma membrane. In contrast, muscle contraction and exercise 
cause the increase of cellular AMP/ATP ratio, and the subsequent phosphorylation at 
Thr172 of AMP kinase (AMPK) can trigger the insulin-independent signalling 
pathway. AMPK plays a crucial role as an energy sensor in metabolic tissues and 
stimulates glucose uptake in skeletal muscles. Upon treatment with a synthetic 
analogue of AMP, 5-aminoimidazole-4-carboxamide ribonucleoside 
(AICAR),[18,19] AMPK can be directly activated by the phosphorylation at Thr172 and 
readjust the balance of AMP to ATP ratio by the increased production of ATP; this 
increase is due to the enhanced glucose uptake through GLUT4 translocation to 
plasma membrane and subsequently metabolized by the TCA cycle. The insulin-
dependent PI3  K/Akt signalling pathway and the insulin-independent AMPK 
signalling pathway enhance cellular glucose uptake through GLUT4 translocation. 
Therefore, we envisioned CLSM-based continuous monitoring and flow-cytometry-
based quantitative monitoring of cellular glucose influx with GB2-Cy3 upon the  
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Figure 4. A) Normalized fluorescence intensities NIfl were determined by continuous 
CLSM measurements of cellular GB2-Cy3 from the region of interest (ROI) in five 
independent C2C12 cells. Glucose uptake in C2C12 myocytes was stimulated by 
treatment with insulin (100 nM) and AICAR (1 mM) through insulin-dependent and 
insulin-independent signaling pathways. B) C2C12 myocytes were incubated with 
GB2-Cy3 (5 µM) for 30 min in the absence or presence of insulin (100 nM) and 
AICAR (1 mM). After washing with cold PBS, individual cells were analyzed by flow 
cytometry. Mean fluorescence intensities were determined by flow cytometry; the 
signal intensity was normalized to 100 by using a control. 
 
stimulation of above-mentioned signalling pathways. As shown in Figure 4, CLSM 
and flow cytometry analysis revealed a 52 and 38  % increase, respectively, in the 
fluorescence intensity of GB2-Cy3 upon the treatment of C2C12 myocytes with 
insulin (100 nM), which is consistent with previous reports on 1.39-fold enhancement 
of glucose uptake in C2C12 cells upon stimulation with insulin.[20] We also observed 
the enhanced glucose uptake in C2C12 myocytes upon stimulation of insulin-
independent AMPK signalling pathway by the treatment of AICAR (1 mM), a 
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synthetic AMP mimetic; 50 and 42  % increase of fluorescent intensity was observed 
using GB2-Cy3-based CLSM and flow cytometry analysis, respectively. Taken 
together, GB2-Cy3 can be utilized for the real-time and quantitative monitoring 
(CLSM and flow cytometry analysis) of cellular glucose uptake upon the perturbation 
of insulin-dependent PI3  K/Akt signalling and insulin-independent AMPK signaling 
pathways. 
We then monitored the changes in cellular glucose uptake upon the inhibition 
of the insulin-dependent signalling pathway. Wortmannin is a specific inhibitor of 
PI3  K, which plays an important role in the insulin-dependent signalling pathway for 
GLUT4 translocation.[21,22] Therefore, the inhibition of PI3  K by wortmannin resulted 
in the desensitization of insulin stimulation, and the enhanced glucose uptake pattern 
in the insulin-treated cells might be reversed upon pre-treatment with wortmannin. 
Recent studies have demonstrated that the incubation of C2C12 muscle cells with 200 
nM wortmannin for 1 h causes a 50 and 67  % reduction in the cellular glucose uptake 
monitored by radioisotope-labeled 2-deoxyglucose (2-DG), compared to the basal 
level and the insulin-stimulated condition, respectively.[23]As shown in Figure 5, 
GB2-Cy3 can differentiate the enhanced cellular glucose uptake in the presence of 
insulin (100 nM) from the reduced glucose uptake in insulin-treated C2C12 myocytes 
after pre-treatment with wortmannin (1 µM) using in three different monitoring 
systems: image-based analysis using fluorescence microscopy (Figure 5  A and B), 
quantitative analysis using flow cytometry (Figure 5  C), and real-time analysis by 
CLSM measurements (Figure 5  D). All these results were consistent with those 
reported previously.[23,24] Thus, we are confident that our fluorescent glucose bioprobe, 
GB2-Cy3, can monitor changes of cellular glucose uptake under the external 
stimulation with three distinct and complementary detection systems. 
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Conclusion 
In this chapter, we describe the discovery and application of a novel 
fluorescent glucose bioprobe, GB2-Cy3, for the real-time and quantitative monitoring 
of glucose uptake in living cells. We synthesized a series of fluorescent glucose 
analogues by adding Cy3 fluorophore to the α-anomeric position of D-glucose with 
various linkers. The resulting seven Cy3-labeled glucose analogues (GBs-Cy3) were 
evaluated by flow cytometry for their GLUT-specific translocation and 
competitiveness with D-glucose in the medium, along with image-based analysis 
using fluorescence microscopy. Systematic and quantitative evaluation of these GBs-
Cy3 led to the identification of GB2-Cy3 as a GLUT-specific fluorescent glucose 
bioprobe. GB2-Cy3 was ten times more sensitive than 2-NBDG, a leading fluorescent 
glucose bioprobe, as was confirmed by flow cytometry and fluorescence microscopy 
analyses. GB2-Cy3 was successfully utilized in three different systems to 
quantitatively monitor changes of glucose uptake in metabolically active C2C12 
myocytes under various treatment conditions. As opposed to the standard glucose 
uptake assay performed using radioisotope-labeled deoxy-D-glucose and a 
scintillation counter, GB2-Cy3 allows the real-time monitoring of glucose uptake in 
living cells under different experimental conditions, which provides a powerful 
research tool for chemical biology and biomedical science. In addition, GB2-Cy3 can 
be further utilized in high-content screening (HCS), which is a drug discovery method 
with image-based analysis of living cells in a high-throughput manner as the basic 
unit for the discovery of novel therapeutic agents. Overall, our results demonstrate 
that GB2-Cy3 is a novel fluorescent glucose bioprobe to monitor cellular glucose 
uptake in a real-time and quantitative manner and has a potential for making 
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significant advances in biomedical studies and the diagnosis of various diseases, 
especially metabolic diseases. 
 
Supporting Information 
D-(+)-Glucose, acetic anhydride, sodium borohydride, fluorescein isothiocyanate 
(FITC), rhodamine B isothiocyanate (RITC), sodium methoxide (0.5 M solution in 
methanol), benzoyl chloride, piperazine, ethylene diamine, cyclohexane-1,4-diamine, 
4-aminobenzylamine, 4,7,10-trioxa-1,13-tridecanediamine, 3,6-dioxaoctane-1,8-
diamine, dimethylformamide (DMF), dichloromethane (DCM), dimethylsulfoxide 
(DMSO), pyridine, and trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich [St. Louis, MO, USA]. N,N-Diisopropylethylamine, triethylamine, and 2-
bromoethanol were purchased from TCI [JAPAN]. (7-Azabenztriazol-1-
yloxy)tripyrrolidinophosphonium hexaflurophosphate (PyAOP) was purchased from 
PerSeptive Biosystems [Germany]. The 1H and 13C NMR spectra were recorded on a 
Bruker DRX-300 MHz and Varian 500MHz instrument using tetramethylsilane as 
references. High resolution mass spectrometry (HRMS) analysis was performed at the 
Mass Spectrometry Facility of the National Center for Inter-university Research 
facilities, Seoul National University. The desired products were identified with 
LC/MS analysis using Finnigan MSQ LC/MS system by direct injection for electron 
spray ionization (ESI) or atmosphere pressure chemical ionization (APCI). Gradient 
reverse phase HPLC analysis was performed using VP-ODS C18 column for analysis, 
PRC-ODS C18 column for preparation, LC-6AD pump, SPD-10A detector 
[Shimadau, Japan]. Eluent A is the deionized water containing 0.1 % TFA [HPLC 
grade, B&J, USA] and eluent B is the acetonitrile containing 0.1 % TFA [HPLC 
grade, B&J, USA]. 
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NIH/3T3 (mouse fibroblast cells) and C2C12 (mouse myoblast cells) were obtained 
from ATCC [American Type Culture Collection, USA]. High glucose DMEM, low 
glucose DMEM, glucose-depleted DMEM, fetal bovine serum (FBS), horse serum, 
antibiotic antimycotic solution were purchased from GIBCO [Carlsbad, CA, USA]. 
Phosphate-buffered saline (PBS) and glucose solution were purchased from Welgene 
Inc. [Seoul, South Korea]. Insulin and wortmannin were purchased from SIGMA 
[USA]. AICAR was purchased from Toronto Research Chemicals, Inc. [Canada]. 
Microscope cover glasses were purchased from Marienfeld GmbH & Co., KG 
[Germany]. Fluorescence microscope images were obtained by using a confocal laser 
scanning microscope (CLSM) [Carl Zeiss-LSM510, Germany] and fluorescence 
optical microscope [Olympus IX71, Japan]. Fluorescence image analysis and 
quantification was performed using Image-Pro software [Media Cybernetics, USA]. 
FACS tubes were purchased from BD Biociences [USA]. Flow cytometry analysis 
was performed with FACSCalibur [BD Biosciences, USA]. 
	  
Supplementary Scheme 1. Synthetic scheme of Cy3-GBs 
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To a solution of (2-bromoethyl)-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (800 mg, 
1.137 mmol) in 10 mL anhydrous DMF was added N-Boc-3,6-dioxaoctane-1,8-
diamine (1.188 g, 3.411 mmol), potassium iodide (377 mg, 2.274 mmol) and TEA 
(475 µL, 3.411 mmol). The reaction mixture was stirred at 80 °C for 10 h. After the 
reaction completion monitored by TLC, the resulting solution was diluted with 
ddH2O, then extracted three times with ethyl acetate. The combined organic layer 
was washed with brine, dried over anhydrous MgSO4, and condensed under reduced 
pressure. The desired product 1 was purified by silica-gel flash column 
chromatography (hexane:ethyl acetate = 1:1 → DCM:MeOH = 10:1) as a yellow oil 
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(980 mg, quantitative yield). 1H NMR (500 MHz, CDCl3) δ 8.06–7.86 (m, 8H), 7.52–
7.28 (m, 12H), 6.19 (dd, J = 9.8, 9.8 Hz, 1H), 5.71 (dd, J = 9.6, 9.5 Hz, 1H), 5.40 (d, J 
= 3.5 Hz, 1H), 5.33 (dd, J = 10.1, 3.5 Hz, 1H), 4.62 (d, J = 9.5 Hz, 1H), 4.50–4.47 (m, 
2H), 3.99–3.94 (m, 1H), 3.72–3.60 (m, 2H), 3.54–3.50 (m, 6H), 3.44 (t, J = 5.1 Hz, 
2H), 3.29 (d, J = 4.5 Hz, 2H), 2.92–2.86 (m, 2H), 2.78–2.73 (m, 1H), 2.32 (bs, 2H), 
1.42 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 166.17, 165.83, 165.69, 165.27, 156.03, 
133.44, 133.13, 129.88, 129.85, 129.73, 129.67, 129.10, 128.97, 128.86, 128.49, 
128.41, 128.30, 96.26, 79.09, 71.96, 70.47, 70.44, 70.18, 69.48, 68.41, 67.86, 67.08, 
62.93, 49.00, 48.66, 40.35, 28.42; LC/MS calcd for C47H55N2O14 [M+H]+: 871; found: 
871. 
 
[2-(N-boc-piperazynoethyl)]-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (2) General 
procedure for the synthesis of 1 was applied for the preparation of 2. The crude 
product was purified by silica-gel flash column chromatography to afford the desired 
compound 2 in 70 % yield (185 mg). 1H NMR (500 MHz, CDCl3) δ 8.05–7.86 (m, 
8H), 7.57–7.28 (m, 12H), 6.18 (dd, J = 10.5, 9.5 Hz, 1H), 5.68 (dd, J = 9.5, 9.5 Hz, 
1H), 5.43 (d, J = 3.5 Hz, 1H), 5.29 (dd, J = 10.5, 3.5 Hz, 1H), 4.63–4.59 (m, 1H), 
4.49–4.45 (m, 2H), 3.89 (ddd, J = 11.0, 5.5, 5.0 Hz, 1H), 3.67 (ddd, J = 11.0, 6.0, 5.0 
Hz, 1H), 3.23 (bs, 4H), 2.65–2.58 (m, 2H), 2.35 (bs, 4H), 1.44 (s, 9H); 13C NMR (125 
MHz, CDCl3) δ 166.62, 166.30, 166.16, 165.78, 155.11, 133.99, 133.92, 133.64, 
130.33, 130.20, 130.16, 130.13, 129.62, 129.44, 129.34, 128.97, 128.90, 128.78, 
96.38, 96.32, 80.01, 72.42, 70.88, 70.00, 68.73, 66.73, 63.51, 57.92, 53.87, 28.91; 
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[2-(N-boc-ethylenediaminoethyl)]-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (3): 
General procedure for the synthesis of 1 was applied for the preparation of 3. The 
crude product was purified by silica-gel flash column chromatography to afford the 
desired product 3 in 97 % yield (54 mg). 1H NMR (500 MHz, CDCl3) δ 8.05–7.87 (m, 
8H), 7.57–7.29 (m, 12H), 6.18 (dd, J = 10.5, 9.5 Hz, 1H), 5.69 (dd, J = 10.0, 9.5 Hz, 
1H), 5.39 (d, J = 5 Hz, 1H), 5.30 (dd, J = 10.5, 5 Hz, 1H), 4.87 (bs, 1H), 4.62–4.60 (m, 
1H), 4.50–4.45 (m, 2H), 3.93–3.90 (m, 1H), 3.60–3.59 (m, 1H), 3.00–2.96 (m, 2H), 
2.87–2.83(m, 1H), 2.79–2.76 (m, 1H), 2.64–2.55 (m, 2H), 1.43 (s, 9H); 13C NMR (75 
MHz, CDCl3) δ 166.16, 165.83, 165.67, 165.29, 155.99, 133.59, 133.43, 133.15, 
129.87, 129.79, 129.72, 129.13, 128.93, 128.87, 128.56, 128.41, 128.31, 96.17, 79.13, 
72.07, 70.45, 69.54, 68.37, 67.89, 63.00, 48.81, 48.37, 45.61, 30.16, 29.70, 28.42 ; 
LC/MS calcd for C43H47N2O12 [M+H]+: 783; found: 783. 
 
[2-aminoethyl]-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (4): To a solution of (2-
bromoethyl)-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (100 mg, 0.142 mmol) in 1.5 mL 
anhydrous DMF was added NaN3 (28 mg, 0.426 mmol) and the reaction mixture was 
stirred at 80 °C for 10 h. After the reaction completion monitored by TLC, the 
resulting solution was diluted with ddH2O, then extracted three times with ethyl 
acetate. The combined organic layer was washed with brine, dried over anhydrous 
MgSO4, and condensed under reduced pressure. To a solution of resulting 
azidoglucoside (94 mg) in 5 mL anhydrous THF, PPh3 (96 mg, 0.366 mmol) was 
added and the reaction mixture was stirred at room temperature. After the reaction 
completion monitored by TLC, 500 µL of ddH2O was added. After the filtration and 
condensation of crude product, the desired product 4 was purified by silica-gel flash 
column chromatography (hexane:ethyl acetate = 1:1 → DCM:MeOH = 5:1 ) as a 
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white solid in 71 % yield (64 mg). 1H NMR (500 MHz, CDCl3) δ 8.05–7.87 (m, 8H), 
7.54–7.30 (m, 12H), 6.21 (dd, J = 10.5, 9.5 Hz, 1H), 5.71 (dd, J = 9.5, 9.5 Hz, 1H), 
5.39 (d, J = 3.5 Hz, 1H), 5.33 (dd, J = 10.5, 3.5Hz, 1H), 4.63–4.60 (m, 1H), 4.50–4.48 
(m, 2H), 3.88–3.86 (m, 1H), 3.54–3.52 (m, 1H), 2.93–2.91 (m, 2H), 2.67 (bs, 2H); 13C 
NMR (125 MHz, CDCl3) δ 166.41, 166.19,165.98, 165.52, 133.72, 133.66, 133.41, 
133.38, 130.10, 130.05, 129.95, 129.92, 129.88, 129.35, 129.15, 129.08, 128.74, 
128.65, 128.53, 96.55, 72.24, 71.14, 70.71, 69.78, 68.14, 63.24, 41.62; LC/MS calcd 




General procedure for the synthesis of 1 was applied for the preparation of 5. The 
crude product was purified by silica-gel flash column chromatography to afford the 
desired product 5 in 50% yield (45 mg). 1H NMR (500 MHz, CDCl3) δ 8.10–7.87 (m, 
8H), 7.57–7.28 (m, 12H), 6.19 (dd, J = 10.0, 10.0 Hz, 1H), 5.69 (dd, J = 10.0, 9.5 Hz, 
1H), 5.38 (d, J = 3.5 Hz, 1H), 5.30 (dd, J = 10.0, 3.5Hz, 1H), 4.61–4.59 (m, 1H), 
4.99–4.43 (m , 2H), 3.95–3.93 (m, 1H), 3.62–3.59 (m, 1H), 2.87–2.78 (m, 2H), 2.33–
2.31 (m, 1H), 2.03–2.02 (m, 2H), 1.96–1.87 (m, 2H), 1.73–1.68 (m, 2H), 1.44 (s, 9H), 
1.30–1.21(m, 3H), 1.05–0.96 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 166.34, 166.06, 
165.79, 165.44, 160.12, 155.99, 133.78, 133.63, 133.34, 130.04, 129.91, 129.89, 
129.83, 129.28, 129.10, 129.04, 128.70, 128.60, 128.50, 96.23, 74.07, 71.21, 69.67, 
68.05, 63.15, 56.14, 49.98, 46.10, 32.10, 31.85, 31.79, 28.62; LC/MS calcd for 
C47H53N2O12 [M+H]+: 837; found: 837. 
	  
[2-(4-amino benzylaminoethyl)]-2,3,4,6-tetra-O-benzoyl-α-D-glucoside (6): 
General procedure for the synthesis of 1 was applied for the preparation of 6. The 
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crude product was purified by silica-gel flash column chromatography to afford the 
desired product 6 in 56 % yield (30 mg). 1H NMR (500 MHz, CDCl3) δ 8.05–7.86 (m, 
8H), 7.56–7.28 (m, 12H), 7.03–7.01 (m, 2H), 6.59–6.57(m, 2H), 6.19 (dd, J = 10.0, 
10.0 Hz, 1H), 5.69 (dd, J = 10.5, 10.0 Hz, 1H), 5.39–5.32 (m, 2H), 4.58 (d, J = 11.0 
Hz, 1H), 4.48–4.43 (m, 2H), 3.97–3.95 (m, 1H), 3.65–3.63 (m, 3H), 2.92–2.82 (m, 
2H); 13C NMR (125 MHz, CDCl3) δ 167.77, 166.42, 166.08, 165.96, 165.50, 133.91, 
133.65, 133.36, 130.52, 130.26, 130.13, 130.08, 129.98, 129.94, 129.89, 129.63, 
129.36, 129.13, 129.11, 128.72, 128.66, 115.38, 96.49, 72.12, 70.72, 69.68, 68.12, 
63.14, 53.07, 47.76; LC/MS calcd for C43H40N2O10 [M+H]+: 745; found: 745. 
 
[2-(N-boc-4,7,10-trioxa-1,13-tridecanediaminoethyl)]-2,3,4,6-tetra-O-benzoyl-α-
D-glucoside (7): General procedure for the synthesis of 1 was applied for the 
preparation of 7. The crude product was purified by silica-gel flash column 
chromatography to afford the desired product 7 in 86% yield (58 mg). 1H NMR (500 
MHz, CDCl3) δ 8.05–7.88 (m, 8H), 7.57–7.28 (m, 12H), 6.18 (dd, J = 10.0, 10.0 Hz, 
1H), 5.70 (dd, J = 9.5, 9.0 Hz, 1H), 5.39 (d, J = 3.0 Hz, 1H), 5.31 (dd, J = 10.0, 2.5Hz, 
1H), 5.03 (bs, 1H), 4.61 (d, J = 10.5 Hz, 1H), 4.47 (d, J = 10.0 Hz, 2H), 3.97–3.95 (m, 
1H), 3.63–3.57 (m , 12H), 3.38 (s, 2H), 3.22–3.21 (m, 2H), 2.89–2.85 (m, 2H), 2.66–
2.65 (m, 2H), 1.75 (t, J = 6.0 Hz, 2H), 1.63–1.55 (m, 2H), 1.43 (s, 9H); 13C NMR 
(125 MHz, CDCl3) δ 166.38, 166.06, 165.88, 165.48, 156.28, 133.73, 133.66, 133.40, 
133.39, 130.07, 129.97, 129.92, 129.88, 129.35, 129.18, 129.10, 128.74, 128.65, 
128.54, 96.44, 72.21, 70.79, 70.71, 70.42, 70.31, 69.83, 69.72, 69.66, 68.13, 68.16, 
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General Procedure for the Synthesis of GB1-Cy3: For the deprotection of Boc 
group on the primary amine of 1 (100 mg, 0.131 mmol), 50% TFA in 
dichloromethane was added to compound 1, followed by N2 purging to remove 
residual DCM and TFA in the reaction mixture. The resulting deprotected residue in 
DMF (200 µL) was slightly basified with DIPEA (100 µL, 0.57 mmol) and added to a 
solution of Cy3-COOH (29 mg, 0.065 mmol) and PyAOP (101 mg, 0.19 mmol) in 
200 µL DMF. The reaction mixture was stirred at room temperature for 1 h and the 
reaction completion was monitored by HPLC analysis. After purification using 
reverse-phase HPLC charged with C18 column, sodium methoxide (0.5 M in MeOH, 
520 µL, 0.26 mmol) was added for debenzoylation and the reaction mixture was 
stirred at room temperature. After the reaction completion monitored by HPLC 
analysis, the reaction mixture was neutralized with methanolic HCl (1 mL). The 
elution protocol for analytical HPLC is following: (1) 95% eluent A for 1 min, (2) a 
linear gradient to 60% eluent A over 4 min, (3) a linear gradient to 50% eluent A over 
10 min, (4) a linear gradient to 5% eluent A over 10 min, (5) a linear gradient to 0% 
eluent A over 5 min, (6) a constant flow with 0% eluent A for 10 min, and (6) a linear 
gradient from 0% to 95% eluent A over 10 min for the regeneration and washing. The 
purification of crude mixture using prep HPLC affords the desired product GB1-Cy3 
in 26% three-step yield (13.5 mg; retention time at 12 min). 1H NMR (500 MHz, 
CD3OD) δ 8.55 (dd, J = 14.0, 13.0 Hz, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.47–7.43 (m, 
2H), 7.37–7.29 (m, 4H), 6.44 (dd, J = 13.5, 1.5 Hz, 2H), 4.16 (t, J = 7.5 Hz, 2H), 
4.03–3.99 (m, 1H), 3.82 (dd, J = 11.5, 2.0 Hz, 1H), 3.76–3.74 (m, 2H), 3.69–3.59 (m, 
12H), 3.57–3.47 (m, 5H), 3.49–3.37 (m, 4H), 3.28–3.25 (m, 4H), 2.30 (t, J = 7.0 Hz, 
2H), 1.80 (s, 12H); 13C NMR (125 MHz, CD3OD) δ 175.56, 174.77, 174.36, 150.96, 
142.84, 142.13, 140.97, 128.77, 125.61, 125.52, 122.33, 122.17, 111.17, 111.00, 
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102.60, 102.39, 99.05, 73.71, 73.11, 72.03, 70.35, 70.20, 70.01, 69.35, 65.63, 62.48, 
61.43, 49.42, 43.71, 38.98, 35.04, 30.55, 27.11, 26.93, 26.73, 22.79; HRMS (FAB+): 
calcd for C43H63N4O9 [M]+: 779.4595; found: 779.4601. 
 
GB2-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB2-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB2-Cy3 in 85% three-step yield 
(22 mg; retention time at 12 min). 1H NMR (500 MHz, CD3OD) δ 8.55 (t, J = 13.5 Hz, 
1H), 7.54 (d, J = 7.5 Hz, 2H), 7.47–7.30 (m, 6H), 6.45 (dd, J = 13.4, 9.0 Hz, 2H), 
4.20–4.17 (m, 2H), 4.08–4.05 (m, 1H), 3.83–3.80 (m, 3H), 3.67 (s, 3H) 3.63–3.42 (m, 
12H), 2.57–2.54 (m, 2H), 1.97–1.79 (m, 6H), 1.78 (s, 6H), 1.77 (s, 6H); 13C NMR 
(125 MHz, CD3OD) δ 175.56, 174.86, 172.06, 151.01, 142.88, 142.20, 141.03, 
140.90, 128.80, 125.64, 125.58, 122.35, 122.21, 111.28, 111.11, 102.60, 102.51, 
99.20, 73.71, 73.32, 71.96, 70.35, 61.46, 60.82, 56.16, 55.35, 49.48, 49.45, 43.87, 
38.37, 31.68, 30.57, 27.14, 26.98, 26.98, 26.90, 21.91; HRMS (FAB+): calcd for 
C41H57N4O7 [M]+: 717.4227; found: 717.4235. 
	  
GB3-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB3-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB2-Cy3 in 22% three-step yield 
(8 mg; retention time at 11 min). 1H NMR (300 MHz, CD3OD) δ 8.57 (t, J = 13.4 Hz, 
1H), 7.56 (d, J = 7.3 Hz, 2H), 7.49–7.45 (m, 2H), 7.40–7.31 (m, 4H), 6.47 (dd, J = 
13.4, 3.0 Hz, 2H), 4.22–4.17 (m, 2H), 4.05–4.01 (m, 1H), 3.87–3.84 (m, 2H), 3.71–
3.59 (m, 6H), 3.53–3.49 (m, 5H), 3.28–3.21 (m, 2H), 2.40–2.00 (m, 2H), 1.97–1.80 
(m, 6H), 1.79 (bs, 12H); 13C NMR (75 MHz, CD3OD) δ 175.59, 175.34, 174.59, 
150.78, 142.64, 141.93, 140.77, 140.67, 128.56, 125.41, 125.32, 122.12, 121.97, 
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111.02, 110.88, 102.42, 102.22, 98.88, 73.53, 72.92, 71.94, 70.27, 62.28, 61.24, 49.23, 
43.55, 35.76, 34.66, 30.37, 26.91, 26.74, 26.67, 22.25; HRMS(FAB+): calcd for 
C39H55N4O7 [M]+: 691.4075; found: 691.4073. 
	  
GB4-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB4-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB4-Cy3 in 57% three-step yield 
(8 mg; retention time at 12 min). 1H NMR (300 MHz, CD3OD) δ 8.57 (t, J = 13.4 Hz, 
1H), 7.55 (d, J = 7.4 Hz, 2H), 7.49–7.44 (m, 2H), 7.39–7.30 (m, 4H), 6.47 (d, J = 13.4 
Hz, 2H), 4.77 (d, J = 3.7 Hz, 1H), 4.21–4.16 (m, 2H), 3.83–3.79 (m, 2H), 3.71 (s, 3H), 
3.71–3.52 (m, 7H), 3.42–3.33 (m, 2H), 3.27–3.25 (m, 1H), 2.35–2.31 (m, 2H), 1.98–
1.67 (m, 14H) ; 13C NMR (75 MHz, CD3OD) δ 175.32, 174.61, 174.10, 150.75, 
142.67, 141.98, 140.78, 140.69, 128.60, 128.54, 125.38, 125.31, 122.11, 121.96, 
111.04, 110.88, 102.45, 102.27, 98.89, 73.73, 72.51, 72.12, 70.43, 66.62, 61.35, 49.24, 
49.21, 43.53, 38.85, 34.93, 30.40, 26.93, 26.76, 26.54, 22.67; HRMS (FAB+): calcd 
for C37H50N3O7 [M]+: 648.3649; found: 648.3660. 
 
GB5-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB5-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB5-Cy3 in 16% three-step yield 
(3 mg; retention time at 12 min). 1H NMR (300 MHz, CD3OD) δ 8.58 (t, J = 13.4 Hz, 
1H), 7.57 (d, J = 7.3 Hz, 2H), 7.51–7.44 (m, 2H), 7.40–7.31 (m, 4H), 6.47 (dd, J = 
13.4, 2.0 Hz, 2H), 4.22–4.17 (m, 2H), 4.05–4.01 (m, 1H), 3.88–3.83 (m, 1H), 3.71 (s, 
3H), 3.71–3.50 (m, 7H), 3.28–3.21 (m, 2H), 2.32–2.27 (m, 2H), 2.21–2.20 (m, 2H), 
2.05–2.01 (m, 3H), 1.97–1.79 (m, 14H), 1.58–1.31 (m, 6H); 13C NMR (75 MHz, 
CD3OD) δ 175.36, 174.65, 173.32, 150.78, 142.64, 141.93, 140.79, 140.68, 128.57, 
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125.43, 125.34, 122.14, 121.98, 111.00, 110.88, 102.38, 102.23, 98.77, 73.49, 72.92, 
71.79, 70.11, 62.56, 61.23, 55.85, 44.46, 43.51, 42.75, 34.86, 31.64, 30.35, 29.78, 
27.62, 27.50, 26.91, 26.75, 26.54, 22.64; HRMS (FAB+): calcd for C43H61N4O7 [M]+: 
745.4540; found: 745.4545. 
 
GB6-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB6-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB6-Cy3 in 35% three-step yield 
(6 mg; retention time at 12 min). 1H NMR (300 MHz, CD3OD) δ 8.58 (t, J = 13.4 Hz, 
1H), 7.53 (d, J = 7.1 Hz, 2H), 7.47–7.28 (m, 10H), 6.48–6.43 (m, 2H), 4.80–4.67 (m, 
3H), 4.20–4.17 (m, 2H), 3.96–3.92 (m, 1H), 3.83–3.76 (m, 2H), 3.71–3.67 (m, 4H), 
3.65–3.54 (m, 5H), 3.48–3.43 (m, 3H), 2.73–2.70 (m, 1H), 1.93–1.77 (m, 2H), 1.77 
(bs, 12H); 13C NMR (75 MHz, CD3OD) δ 175.18, 174.59, 174.19, 174.02, 150.73, 
142.67, 141.97, 140.67, 128.89, 128.64, 128.54, 128.24, 127.67, 127.22, 125.32, 
122.09, 121.97, 121.16, 119.97, 111.16, 110.82, 102.43, 98.94, 73.76, 72.76, 72.56, 
72.01, 71.88, 70.38, 65.13, 61.39, 61.28, 49.24, 46.47, 43.80, 39.05, 32.09, 30.37, 
29.36, 26.95, 26.76, 22.20; HRMS (FAB+): calcd for C44H57N4O7 [M]+: 753.4227; 
found: 753.4209. 
 
GB7-Cy3: General procedure for the synthesis of GB1-Cy3 was applied for the 
preparation of GB7-Cy3. The crude product was purified by using prep HPLC with 
same elution protocol to afford the desired product GB7-Cy3 in 25% three-step yield 
(10 mg; retention time at 12min). 1H NMR (300 MHz, CD3OD) δ 8.55 (t, J = 13.4 Hz, 
1H), 7.55 (d, J = 7.3 Hz, 2H), 7.48–7.42 (m, 2H), 7.37–7.28 (m, 4H), 6.44 (d, J = 
13.4 Hz, 2H), 4.19–4.14 (m, 2H), 4.03–3.97 (m, 1H), 3.85–3.81 (m, 2H), 3.69 (s, 3H), 
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3.69–3.62 (m, 12H), 3.56–3.53 (m, 4H), 3.51–3.46 (m, 4H), 3.26–3.20 (m, 6H), 2.31–
2.27 (m, 2H), 2.02–1.94 (m, 3H), 1.90–1.69 (m, 14H); 13C NMR (75 MHz, CD3OD) δ 
175.35, 174.58, 173.94, 150.76, 142.64, 141.94, 140.77, 140.68, 128.56, 125.42, 
125.33, 122.14, 121.98, 110.99, 110.89, 102.42, 102.23, 102.22, 98.89, 73.52, 72.93, 
71.84, 70.17, 70.04, 69.87, 69.77, 69.73, 68.38, 68.25, 62.39, 61.24, 49.23, 46.04, 
43.51, 36.35, 34.96, 30.37, 29.13, 26.92, 26.75, 26.54, 25.76, 22.68; HRMS (FAB+): 
calcd for C47H71N4O10 [M]+: 851.5170; found: 851.5193. 
 
Cell Culture and Differentiation 
NIH/3T3 (mouse fibroblast cells) and C2C12 (mouse myoblast cells) were obtained 
from ATCC [American Type Culture Collection, USA]. All cell lines were cultured in 
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum 
(FBS) and 1% antibiotic-antimycotic solution at 37 °C in an atmosphere of 5% CO2. 
For the differentiation to mature muscle cells, the C2C12 mouse myoblast cells were 
maintained in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic 
solution [GIBCO]. When the cells reached 100% confluence, the medium was 
changed to DMEM containing 2% horse serum and supplemented in every other day. 
Flow cytometry and fluorescence microscopy imaging experiments were carried out 
on the cells 3 to 5 days after differentiation. 
 
Competition Test in NIH/3T3 by Flow Cytometry Analysis 
To measure the competitive cellular uptake of GBs-Cy3, NIH/3T3 fibroblast cells 
were washed once with cold PBS and incubated for 30 min at 37 °C in the presence of 
individual fluorescent glucose bioprobes (GBs-Cy3) in PBS containing 11 mM D-
glucose, 11 mM Lglucose, and no glucose. The final concentration of the analog in 
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the system was adjusted to 5 µM. After washing with cold phosphate-buffered saline 
(PBS), individual cells were harvested, and transferred to individual FACS tubes. 
NIH/3T3 cells (1 x 104 cells) were analyzed using a flow cytometer (FACS 
CaliburTM) at an excitation wavelength of 488 nm. Fluorescence emission from the 
GBs-Cy3 in individual cells was observed by the FL2 channel in the range 564–606 
nm; the fluorescence intensity data were analyzed by plotting one- or two-
dimensional histograms. Specific gating protocols were used to eliminate the artifacts 
caused by cell debris or dead cells, and subsequently, the regions of the histogram 
were converted to the corresponding numerical values. 
 
Antidiabetic Agent Tests in C2C12 Myocytes by Flow Cytometry Analysis 
C2C12 myoblast cells were cultured in a 6-well plate. After the cells reached 100% 
confluence, differentiation was started. After differentiation proceeded to a 
sufficiently high level, the cell culture medium was changed to a low-glucose medium 
(without FBS), and the cells were retained in the new medium for 4 h. The cells were 
then incubated for 1 h in a glucose-depleted DMEM medium (without FBS) in the 
presence of 100 nM insulin or 1 mM AICAR. Next, the medium was replaced with a 
glucose-depleted DMEM medium containing 5 mM GB2-Cy3, and the cells were 
retained in the latter for 30 min. Then, the cells were washed with cold PBS, 
harvested, and transferred to each FACS tube. C2C12 myocytes (1 x 104 cells) were 
analyzed with a flow cytometer (FACS CaliburTM) at an excitation wavelength of 488 
nm. Fluorescence emission from the GBs-Cy3 in individual cells was observed by the 
FL2 channel in the range 564–606 nm; the fluorescence intensity data were analyzed 
by plotting one- or two-dimensional histograms. Specific gating protocols were used 
to eliminate the artifacts caused by cell debris or dead cells, and subsequently, the 
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regions of the histogram were converted to the corresponding numerical values. For 
the inhibition test of the insulin-dependent signaling pathway, the cells were 
incubated with insulin (100 nM) after pretreatment with wortmannin (1 µM) for 1 h. 
 
Glucose Uptake Assay in C2C12 myocytes with Fluorescence Microscope. 
C2C12 myoblasts were cultured on a microscope cover glass in a 35-mm cell culture 
dish. After differentiation, the cell culture medium was changed to a low-glucose 
medium (without FBS), and the cells were retained in the new medium for 4 h. The 
cells were then incubated for 1 h in a glucose-deficient DMEM medium (without FBS) 
in the presence of 100 nM insulin or 1 mM AICAR. Next, the medium was changed 
to a glucose-deficient DMEM medium containing 5 mM GB2-Cy3, and the cells were 
retained in the latter for 30 min. After washing three times with ice-cold PBS, the 
cover slip was loaded on the caster of a fluorescence microscope (Olympus IX71). 
During microscopy observations, the cells were placed in a chamber that was 
maintained at 37 °C. For continuous CLSM (Carl Zeiss-LSM510) monitoring of 
cellular glucose uptake, the cover glass was loaded on the caster of the microscope 
after pretreatment with the appropriate bioactive small molecules for 1 h. After the 
introduction of a glucose-depleted DMEM medium containing 5 mM Cy3-Glc-α into 
the chamber, fluorescence images were recorded every 7 s; the obtained image were 
digitized and saved in a computer for further analysis. The temperature of the 
chamber was maintained at 37 °C. 
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Supplementary Figure 2. Competitive inhibition of glucose uptake in NIH/3T3 
fibroblast cells as determined by flow cytometry analysis: A) 3 x 105 NIH/3T3 cells 
were incubated with 5 µM GB1-Cy3 or GB1-RITC bioprobes at 37°C for 30 min in 
the absence and presence of 11 mM D-glucose or 11 mM L-glucose, respectively. 
After washing with cold PBS, 1 x 104 NIH/3T3 cells were analyzed with a flow 
cytometry. Black line: no glucose, blue line: 11 mM L-glucose; red line: 11 mM D-
glucose. B) The fluorescence intensities Ifl were observed under three different 
conditions. The cellular uptake of GB1-Cy3 in the presence of 11 mM D-glucose in 
the medium was decreased down to about 50% of glucose depleted condition. In In 
contrast, competitive cellular influx of RITC-based glucose analogs is not observed 
even when there is an increase in the concentration of D-glucose in the medium; 
further, there is no significant deterioration of cellular influx in the presence of high 
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Chapter 3. Discovery and Evaluation of a Novel Small Molecule 
Activator of AMP-Activated Protein Kinase 
 
- J. Med. Chem. 2010, 53, 7405. 
 
Introduction 
The global incidence of type 2 diabetes is increasing rapidly, with higher rates 
of morbidity and mortality, resulting in a significant financial and social burden 
worldwide.[1] Type 2 diabetes is characterized by insulin resistance and 
hyperglycemia, which lead to chronic complications in both small and large blood 
vessels.[2,3] Therefore, numerous studies have focused on the development of 
therapeutics able to maintain normal levels of blood glucose by increasing glucose 
clearance in peripheral tissues such as skeletal muscle and adipose tissue.[4,5] Recent 
studies have shown that impaired handling of cellular energy homeostasis is closely 
associated with insulin resistance, resulting in type 2 diabetes, metabolic syndrome, 
hypertension, and increased cardiovascular risk.[6] Therefore, molecules that regulate 
cellular energy metabolism hold promise as drug targets for the development of 
therapeutics for diabetes and obesity.[7] 
AMP-activated protein kinase (AMPK) is a heterotrimeric complex 
comprising catalytic α and regulatory β/γ subunits that senses low energy status by 
monitoring the ratio of ATP to AMP.[8] AMPK is activated during muscle contraction 
and exercise by the phosphorylation of threonine 172 by LKB1[9] and 
Ca2+/calmodulin-dependent kinase kinase (CaMKK).[10] Once AMPK is activated, it 
stimulates glucose uptake in skeletal muscle through independent pathways in insulin-
resistant conditions.[11] Enhanced glucose uptake induced by AMPK is achieved, as 
least in part, by enhanced GLUT4 translocation to the plasma membrane for fusion 
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and docking.[12] Several studies have reported that the AMP analogue, 5-
aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR), and other small-
molecule activators of AMPK increase glucose uptake in vitro[13] and in vivo.[14] 
Although their mechanisms of action are still incompletely understood, evidence 
indicates that metformin[15] and thiazolidinediones (TZDs)[16] act through activation of 
AMPK in type 2 diabetes. Furthermore, AMPK is the target molecule of two adipose 
tissue-derived hormones, leptin[17] and adiponectin,[18] which are major regulators of 
energy metabolism and glucose homeostasis. These accumulated findings have made 
AMPK an attractive therapeutic target for the treatment of type 2 diabetes and obesity. 
In this study, we identified a small-molecule activator of AMPK, ampkinone 
(6f), as an effective therapeutic agent for the treatment of obesity and type 2 diabetes. 
This novel skeleton (6) is a tetracyclic structure embedded with a privileged 
benzopyran substructure, derived from 2500-member small molecules library 
constructed in-house using diversity-oriented synthesis strategy to prepare skeletally 
diverse small molecules to mimic natural product-like or druglike chemical 
structures.[19] This collection of druglike small molecules containing more than 40 
unique molecular frameworks can increase the possibility of identifying a novel 
modulator of biological system such as AMPK.[20] Ampkinone, a small molecule with 
this molecular framework (6), stimulated the activation and phosphorylation of 
AMPK in cell lines originating from muscle, fat, and liver. Phosphorylation of acetyl-
CoA carboxylase (ACC), a major downstream target molecule of AMPK, confirmed 
that ampkinone stimulates functional activation of AMPK via the phosphorylation at 
Thr172 in cultured cells. We also demonstrated the enhanced cellular glucose uptake 
monitored by fluorescent glucose bioprobe, Cy3-Glc-α,[21] and cross-checked 
with 3H-labeled 2-deoxy-d-glucose. Consistent with the in vitro data presented here, 
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administration of ampkinone to diet-induced obese (DIO) mice up-regulated the 
activity of AMPK in the liver and muscle and enhanced insulin sensitivity. 
Furthermore, histological analysis confirmed that ampkinone treatment accelerated 
the consumption of lipids via increased oxidation in the liver and adipose tissues, 
similar to other small molecule activators of AMPK.[22] Collectively, the results 
demonstrate that ampkinone is a new small-molecule activator of AMPK that may be 
effective for the treatment of type 2 diabetes and obesity. 
 
Results and Discussion 
         We previously reported synthetic methods for the concise and efficient library 
construction using diversity-oriented synthesis (DOS) strategy, which generated novel 
scaffolds embedded with privileged substructures via various chemical 
transformations.[20] To identify a novel small-molecule activator of AMPK, we                        
 
Scheme 1. Synthetic Scheme of Benzopyran-Embedded Molecular Framework (6)a 
aReagents and conditions: (a) cyclopentanone or acetone, pyrrolidine, EtOH, reflux; 
(b) trifluoromethanesulfonic anhydride, 2,6-di-tert-butyl-4-methylpyridine, CH2Cl2, 
0 °C; (c) vinylboronic acid dibutyl ester, Pd(PPh3)4, Na2CO3, EtOH/toluene/H2O, 
70 °C; (d) maleimide derivatives, toluene, reflux; (e) DDQ, toluene, reflux. 
evaluated an in-house small molecule collection constructed by these DOS pathways. 
After extensive bioassays using Western blot analysis, we identified a new molecular 
framework (6) that stimulates the phosphorylation of AMPK. The aromatized 
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benzopyran moiety in 6 was shown to be essential for AMPK activation because other 
types of benzopyran-fused tetracycles such as monoene (5), hydrogenated compound 
(S7), and allylic alcohol (S8) were inactive toward AMPK (Figure S1 in 
the Supporting Information). On the basis of initial screening results, a focused small 
molecule library was constructed by a series of reactions designed to produce 6: [1] 
the cyclization of hydroxyacetophenones (1) with acetone or cyclopentanone, [2] 
triflation of carbonyl moiety on substituted chroman-4-ones (2), [3] palladium-
mediated vinylation of vinyl triflate intermediates (3), [4] Diels−Alder reaction of 
bicyclic dienes (4) with substituted maleimides, and [5] subsequent aromatization of 
benzopyran-containing tetracyclic monoenes (5) with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) (Scheme 1). 
	  
Table 1. Activation of AMPK (pT172) and ACC (pS79) phosphorylation induced by 
individual compounds in the focused library 
aRelative phosphorylation activity induced by the treatment of individual compounds 
at 10 µM in the Western blot analysis. 
 
Using a 15-member focused library (6a−o) with various structural 
modifications, we conducted a structure−activity relationship (SAR) study via 
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Western blot analysis (see Table 1). On the basis of our SAR study, 2-(4-
benzoylphenyl)-6-hydroxy-7-methoxy-4,4-dimethylchromeno[3,4-e]isoindole-1,3-
dione (6f) demonstrated the most efficient activation of AMPK and subsequent 
functional phosphorylation of ACC (Figure S2 in the Supporting Information). The 
compound activity on AMPK phosphorylation was slightly attenuated when 
benzophenone moiety at the R3position of molecular framework 6 was replaced with 
simpler moieties such as acetylphenyl group (6e) and phenyl (6c), but it was 
completely abolished when hydrogen (6a), methyl (6b), and benzyl group (6d) were 
introduced at the R3 position. The introduction of bulky substituents such as biphenyl-
4-yl (6g), biphenyl-3-yl (6i), and 4-benzylphenyl group (6j) diminished the activity in 
Western blot analysis; however, 9-oxo-9H-fluoren-3-yl moiety (6h) somewhat 
preserved its activity because of its structural similarity to benzophenone. In addition, 
cyclopentyl moiety at the R position (6o) or various substituents at the R1 and 
R2positions (6l−n) caused a significant reduction in the compound activity on AMPK 
phosphorylation. On the basis of this screening result, we classified 6f as a novel 
small molecule activator of AMPK and designated this compound ampkinone (AKN) 
(Figure 1A). 
To investigate the effect of AKN on AMPK activation, we utilized cell lines 
originating from cardiac and skeletal muscle, adipose tissue, and liver. Immunoblot 
analysis of a time course assay conducted in L6 skeletal muscle cells revealed that the 
AKN-mediated phosphorylation of AMPK (Thr172) was increased at 10 min, reached 
a maximum at 1 h, and persisted for 6 h (Figure 1B). Phosphorylation of ACC (Ser79), 
an intracellular substrate of AMPK, was also increased by treatment with AKN on a 
timeline similar to that of AMPK. Immunocomplex kinase assays with the SAMS 
peptide revealed a 2.7-fold increase in AMPK activity upon treatment with 10 µM 
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AKN. Treatment with 1 mM AICAR as a positive control for AMPK activation 
induced a 3.2-fold increase in AMPK activity (Figure 1C). We next examined the 
dose-dependent effect of AKN on AMPK activation. The phosphorylation of AMPK 
and ACC was dose-dependently increased in various cell lines, such as C2C12 
skeletal muscle cells, 3T3-L1 adipose-like mouse embryonic fibroblasts, and HepG2 
human hepatoma cells as well as L6 cells (Figure 1D). These data indicate that AKN 
stimulates the phosphorylation and activity of AMPK in multiple cell lines originating 
from muscle, fat, and liver. The estimated EC50 of AKN is 4.3 µM in L6 cells 
(Figure1E and Figure S3 in the Supporting information). 
	  
Figure 1. AKN stimulates the phosphorylation of AMPK (pT172) and ACC (pS79) in 
a time- and dose-dependent manner. (A) Chemical structure of AKN (6f). (B) AKN-
induced phosphorylation of AMPK (pT172) and ACC (pS79). Western blot analysis 
of lysates from L6 cells treated with AKN (10 µM) for the indicated times was 
performed with antibodies against the indicated proteins. (C) Total AMPK activity in 
cells treated with AKN or DMSO was measured using a synthetic SAMS peptide 
substrate and [γ-32P]ATP. (D) L6 cells, C2C12 myocytes, 3T3-L1 preadipocytes, and 
HepG2 hepatic cells were incubated for 1 h with the indicated concentrations of AKN. 
(E) EC50 was determined by Western blotting in various concentrations (0−20 µM) 
and data analysis with PRISM3 program. Immunoblots were performed using anti-
AMPK (pT172), anti-AMPK, anti-ACC (pS79), and anti-ACC antibodies. ( ) P < 
0.05 vs corresponding control. 
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We next determined whether AKN could directly activate AMPK. 32P 
incorporation by isolated AMPK into the SAMS peptide was not different in AKN-
treated samples compared to the DMSO control (data not shown). This suggests that 
AKN does not directly activate purified AMPK in a cell-free condition. Then we 
investigated whether the cellular levels of AMP, ADP, or ATP can be perturbed upon 
treatment with AKN. As shown in Figure 2A, the treatment with AKN at 10 µM 
caused no significant alteration in AMP to ATP ratio in L6 cells (Figure S4 in the 
Supporting Information). 
	  
Figure 2. AKN predominantly stimulates AMPK activation via the LKB1 pathway. 
(A) AMP to ATP ratio was not significantly changed upon treatment with AKN. (B) 
LKB1-deficient HeLa cells and HeLa cells transfected with a pcDNA3.1 plasmid 
encoding LKB1-tagged hemagglutinin (HA) were exposed to AKN (10 µM) for the 
indicated time periods after 6 h of serum starvation. Immunoblot analysis was then 
performed with antibodies against AMPK (pT172), AMPK, and HA. (C) The effect of 
the CaMKK inhibitor, STO-609, on AKN-mediated AMPK activation following 1 h 
of treatment in Hela cells. (D) L6 cells were exposed to AKN (10 µM) or AICAR (1 
mM) for 1 h in the presence or absence of compound C (20 µM), and immunoblots 
were performed with anti-ACC (pS79), anti-ACC, and anti-actin as a loading control. 
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Consequently, we hypothesized that AKN might stimulate AMPK 
phosphorylation through the activation of upstream signaling pathway. LKB1 and 
CaMKK are two primary AMPK kinases.[9,10] For the mechanistic understanding, we 
investigated whether one or both of these kinases were required for the activation of 
AMPK by AKN. As confirmed by the data shown in Figure 2B, HeLa cells do not 
express LKB1.[23] Therefore, HeLa cells were transfected with hemagglutinin (HA)-
tagged LKB1 for 24 h to induce the expression of exogenous LKB1 and then treated 
with AKN for the indicated time. In mock-transfected cells, treatment with AKN 
slightly increased AMPK phosphorylation from 60 to 360 min, while AMPK 
phosphorylation in LKB1-transfected cells was noticeably higher. These data indicate 
that LKB1 activity is required for robust AKN-mediated AMPK phosphorylation, 
though the slight increase in AMPK phosphorylation in mock-transfected cells 
suggested the involvement of another upstream kinase. Accordingly, HeLa cells were 
preincubated with STO-609, a specific inhibitor of CaMKK.[24] Treatment of STO-
609 in mock-transfected HeLa cells completely suppressed the phosphorylation of 
AMPK induced by AKN (Figure 2C), indicating that LKB1 and CaMKK mediate the 
activation of AMPK by AKN. Finally, to determine whether phosphorylation of ACC 
upon treatment with AKN is associated with AMPK, L6 cells were preincubated with 
the AMPK-specific inhibitor, compound C, followed by treatment with AKN for 1 h. 
As shown in Figure 2D, AKN-induced ACC phosphorylation was significantly 
diminished through the specific inhibition of AMPK with compound C. Taken 
together, these data confirm that AKN stimulates the phosphorylation of AMPK 
neither by direct activation as in the case of AICAR, an AMP analogue, nor by the 
consequence of altered cellular AMP/ATP ratio. In addition, it was also confirmed 
	  
	   62	  
that both kinases, LKB1 and CaMKK, are required for full activation of AKN-
stimulated phosphorylation of AMPK. 
 
	  
Figure 3. AKN stimulates glucose uptake through AMPK but not Akt. (A) C2C12 
and (B) L6 myocytes were incubated for 1 h with AKN (10 µM) or insulin (100 nM). 
Next, (A, B) Cy3-Glc-α (DMSO-treated = closed circles; AKN-treated = closed 
squares; insulin-treated = closed triangles) or (C) 2-deoxy-D-glucose-1,2-3H(N) was 
added to culture media for the indicated time periods (A) or 10 min (B, C), and 
glucose uptake was measured. (D) The effect of the AMPK inhibitor compound C (20 
µM, 30 min preincubation) and (E) the PI3K inhibitor wortmannin (1 µM, 30 min 
preincubation) on AKN- (10 µM), insulin- (100 nM), or AICAR (1 mM)-mediated 
glucose uptake following 1 h of treatment in L6 myocytes: ( ) P < 0.05; ( )P < 
0.01 vs corresponding control; (#) P < 0.05 vs corresponding treated groups (AKN, 
insulin, and AICAR). 
 
AMPK plays a crucial role as an energy sensor in metabolic tissues and 
stimulates glucose uptake in skeletal muscle.[8] To determine the effect of AKN on 
cellular glucose uptake, we utilized the fluorescent glucose bioprobe, Cy3-Glc-α, 
which enters the cell through competition with D-glucose via glucose transporters 
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(GLUTs).[21] Compared to glucose uptake assay with radioisotope-labeled deoxy-D-
glucose using scintillation counter, this method allows the real-time monitoring of 
cellular glucose uptake under experimental conditions using fluorescent microscopy 
or confocal laser scanning microscopy (CLSM). As shown in Figure 3A, a 2.3-fold 
enhancement in cellular glucose uptake was observed by CLSM in C2C12 myocytes 
treated with insulin. Under identical experimental settings, we measured a 3.2-fold 
enhancement in cellular glucose uptake upon treatment with AKN. Enhanced cellular 
glucose uptake was also monitored by fluorescent microscopy following treatment 
with AKN, insulin, and AICAR (Figure 3B and Figure S5 in the Supporting 
Information), and a dose-dependent enhancement of fluorescent intensity was 
observed in cells treated with AKN (Figure S6 in the Supporting Information). These 
data were confirmed by the conventional glucose uptake assay with 2-deoxy-D-
glucose-1,2-3H(N) using scintillation counter (Figure 3C). 
Insulin-dependent PI3K/Akt signaling and insulin-independent AMPK 
signaling are two of the pathways that regulate cellular glucose uptake.[25] To 
understand the cellular mechanisms underlying this process, we investigated the 
involvement of both pathways in AKN-enhanced glucose uptake by inhibiting either 
the AMPK pathway or the PI3K/Akt pathway with compoundC and wortmannin, 
respectively. Cellular glucose uptake was stimulated by AKN, AICAR, and insulin in 
C2C12 myocytes. The inhibition of AMPK with compound C resulted in a complete 
inhibition of enhanced glucose uptake in cells treated with AKN and AICAR 
(Figure 3D). However, the enhanced glucose uptake induced by insulin was not 
affected by the inhibition of AMPK. In contrast, the glucose uptake pattern in insulin-
treated cells was reversed only after pretreatment with wortmannin (Figure 3E). 
Consistent with this data, immunoblot analysis revealed that Akt phosphorylation was 
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not increased above basal levels by treatment with AKN (Figure S7 in the Supporting 
Information). This demonstrates that AKN-stimulated glucose uptake results 
primarily from increased AMPK activation and not via PI3K/Akt signaling. 
 
	  
Figure 4. AKN activates the AMPK signaling pathway and enhances glucose 
homeostasis in vivo. (A) The effect of AKN on the phosphorylation of AMPK and 
ACC in vivo. Vehicle (PEG400, n = 7) or 10 (mg/kg)/d AKN (n = 7) were 
administered subcutaneously to DIO mice. After administration of AKN for 1 month, 
immunoblot analysis of tissue lysates from liver and muscles was performed with 
antibodies against the indicated proteins after fasting for 24 h. (B) Serum insulin and 
(C) blood glucose levels were determined using the ALPCO insulin EIA kit and a 
glucometer (Accu Check, Roche), respectively. (D) The intraperitoneal glucose 
tolerance test (IPGTT) and (E) insulin tolerance test (ITT) were performed in DIO 
mice treated with vehicle ( , n = 7) or 10 (mg/kg)/d AKN ( , n = 7) for 3 weeks 
and 4 weeks, respectively: ( ) P < 0.05; ( ) P < 0.01 vs the corresponding vehicle 
control group. 
 
We next examined the in vivo effect of AKN in DIO mice fed a diet 
containing 60% fat for 8 weeks after microsomal stability test of this compound 
(Figure S8 in the Supporting Information). DIO mice were injected subcutaneously 
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for 4 weeks with 10 (mg/kg)/d of AKN in PEG400. Phosphorylation of AMPK was 
confirmed by immunoblot analysis of proteins from the liver and muscle of DIO mice 
treated with vehicle or AKN. Consistent with our in vitro data, AKN-treated DIO 
mice had increased levels of phosphorylated AMPK/ACC, suggesting that AKN is an 
effective activator of AMPK in liver and muscle (Figure 4A). Interestingly, we 
observed that serum insulin and glucose levels in AKN-treated DIO mice were lower 
than those in the control groups (Figure 4B and Figure 4C). Therefore, we 
investigated the glucose dispersal rates in both groups. As shown in Figure 4D, 
elevated blood glucose induced by intraperitoneal injection was more rapidly lowered 
in AKN-treated DIO mice than control mice. These findings indicate that AKN 
effectively enhanced insulin sensitivity in animal models (Figure 4E). Taken together, 
these data support that AKN is a novel small-molecule AMPK activator with 
antidiabetic effects. 
	  
Figure 5. AKN treatment ameliorates metabolic symptoms in DIO mice. (A) Food 
intake and (B) the body weight of DIO mice groups, either vehicle-treated ( , n = 7) 
or AKN-treated ( , n = 7), were monitored during the subcutaneous administration 
of 10 (mg/kg)/d AKN for 1 month. (C) The weights of adipose tissues (GF, gonadal 
	  
	   66	  
fat; MF, mesenteric fat; PF, perirenal fat) and other organs were compared between 
DIO mice treated with vehicle ( , n = 7) and those treated with 10 (mg/kg)/d AKN 
( , n = 7) for 1 month. (D) Oil-red O staining of liver cells from DIO mice treated 
with vehicle (upper, left) or 10 (mg/kg)/d AKN (upper, right) and H & E staining of 
gonadal fat from DIO mice treated with vehicle (lower, left) or 10 (mg/kg)/d AKN 
(lower, right). (E−G) Lipid parameters of serum from DIO mice after subcutaneous 
administration of vehicle ( , n = 7) or 10 (mg/kg)/d AKN ( , n = 7) for 1 month: 
( ) P < 0.05; ( ) P < 0.01 vs the corresponding vehicle control group. 
 
We next sought to investigate the potential antiobesity effects of AKN. AKN 
(10 (mg/kg)/d) was administered to DIO mice for 30 days via subcutaneous injection, 
and food intake and body weight were monitored every 3 days. No significant 
difference in food intake was observed between the groups (Figure 5A). Interestingly, 
by week 3, the body weights of AKN-treated DIO mice were significantly decreased, 
resulting in a 5% decrease compared to the initial weight. Conversely, the weights 
of vehicle-treated DIO mice increased slightly over the study period (Figure 5B). The 
changes in body weight were the result of changes in fat mass, which were 
significantly decreased in AKN-treated mice compared to vehicle-treated mice 
(Figure 5C). In agreement with this observation, Oil-red O staining of liver and H & E 
staining of gonadal fat revealed dramatic differences between AKN- and vehicle-
treated mice in terms of fat mass and fat area, respectively (Figure 5D). Finally, 
although triglyceride levels in serum were not affected upon treatment with either 
AKN or vehicle (Figure 5F), other lipid parameters such as cholesterol and 
nonesterified fatty acids (NEFA) were significantly decreased in AKN-treated DIO 
mice compared to control groups (Figure 5E and 5G). These data indicate that AKN 
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Conclusion 
In this Chapter, we have described ampkinone, a novel small-molecule 
activator of AMPK with potential antidiabetic and antiobesity effects. Through 
extensive immunoblotting assays using a 2500-member small molecule collection 
constructed by diversity-oriented synthesis strategy,[20] we identified a novel 
molecular framework (6) with a privileged benzopyranyl substructure. We then 
conducted a structure−activity relationship (SAR) study using a 15-member focused 
library with a tetracyclic skeleton (6) and identified 6f as the best candidate for further 
in vitro and in vivo evaluation. This compound, which we designated ampkinone 
(AKN), is an effective small-molecule activator of AMPK. We confirmed the in vitro 
effects of AKN on the functional activation of AMPK through active phosphorylation 
of ACC, its specific substrate, in multiple cell lines derived from metabolic tissues. 
AMPK is an important energy sensor in mammalian cells. Its activity is 
induced in response to high levels of AMP and/or low ATP. Under these conditions, 
AMP binds to the γ-subunit of AMPK and induces a conformational change that 
allows Thr172 of the α-subunit to be phosphorylated by AMPK kinases.[8] AMPK is 
activated by upstream kinases, including LKB1[9] and CaMKK.[10] We determined that 
both kinases, LKB1 and CaMKK, are required for full activation of AKN-stimulated 
phosphorylation of AMPK. On the basis of our findings in LKB1- and mock-
transfected HeLa cells, AKN-mediated AMPK activation was induced mainly via the 
up-regulation of LKB1. Although AKN-mediated AMPK phosphorylation is 
primarily mediated by LKB1, the activation of AMPK is also slightly stimulated by 
CaMKK upon treatment of AKN evidenced by immunoblot analysis with specific 
inhibitors. Both LKB1 and CaMKK function as AMPK kinases in different cell lines 
and tissues, suggesting that they play different roles in the regulation of AMPK. 
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However, the molecular mechanism of AKN-mediated AMPK activation remains to 
be elucidated. 
It has been well established that activation of AMPK stimulates glucose 
uptake by increasing GLUT4 translocation to the cell surface.[26] Interestingly, 
AMPK-mediated glucose uptake occurs through a different mechanism than in the 
insulin-signaling pathway.[27] As shown in Figure 3, AKN strongly increased glucose 
uptake in C2C12 myocytes. This effect was completely eliminated by the inhibition of 
AMPK with compound C but not by the inhibition of PI3K via wortmannin. In 
addition, AKN treatment did not induce phosphorylation of Akt in L6 cells. These 
data suggest that AKN-mediated glucose uptake is dependent on AMPK, not Akt. In 
addition, our results demonstrated that AKN does not induce cell cycle arrest or 
associated cell apoptosis even after strong activation of AMPK for 6 h, which was 
confirmed by cell viability assays (Figures S9 and S10 in the Supporting Information). 
Furthermore, OXPHOS activity in L6 myocytes was not affected by treatment with 
AKN, indicating that AKN-mediated AMPK activation did not result from inhibition 
of the respiratory chain.[28] Therefore, AKN could be ideal for investigating the 
physiological effects of AMPK up-regulation without causing oxidative stress. 
Abnormal AMPK activity has been implicated in the progression of obesity 
and diabetes.[8] Several reports suggest that activation of AMPK enhances insulin 
sensitivity and increases glucose cellular uptake in vitro and in vivo.[4,5,7] In this study, 
activation of AMPK by AKN enhanced insulin sensitivity and induced glucose uptake 
in various cultured cell lines and DIO mice, resulting in a reduction in serum insulin 
and glucose levels (Figure 4). Moreover, the activity of ACC, a key enzyme in lipid 
accumulation and synthesis, is negatively regulated by activation of AMPK. Similar 
to other AMPK stimulators,[16,29] AKN treatment resulted in a mild reduction in body 
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weight and a concomitant reduction in adipose tissue weight. Furthermore, hepatic 
steatosis can result from abnormal activity of 3-hydroxy-3-methylglutaryl coenzyme 
A reductase (HMG-CoA reductase) and ACC. These two enzymes are regulated by 
AMPK and primarily responsible for hepatic cholesterol and fatty acid 
synthesis.[30] Our data suggested that AKN-mediated AMPK activation in DIO mice 
leads to a reduction in hepatic steatosis and decreased cholesterol and free fatty acids 
in the serum. However, we need to identify the real target protein regulating AKN-
mediated AMPK activation in order to understand the exact regulating mechanism of 
these antidiabetic and antiobesity effects found in vitro and in vivo. Overall, our 
results demonstrate that the small-molecule AKN indirectly stimulates the activation 





Figure S1. Chemical structures of scaffold S7 and S8. 
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Figure S2. Immunoblot analysis of 16-membered focused library. Phosphorylation of 
AMPK(pT172) and ACC (pS79) were induced upon treatment with small molecules 
(10 µM) in L6 cells and detected with antibodies against the indicated proteins. 
 
      	  
Figure S3. AKN stimulates the phosphorylation of AMPK (pT172) in a dose-
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Figure S4. (A) Quantitative analysis of ATP, ADP and AMP concentration using 
HPLC MS/MS system and (B) the measurement of ATP levels performed by ATPlite 
1step kit upon treatment with AKN in L6 cells. 
 
	  
Figure S5. Cellular glucose uptake was monitored in C2C12 myocytes by using 
fluorescence microscopy. C2C12 myocytes were incubated with ampkinone (AKN, 
10 µM), insulin (100 nM) or AICAR (1 mM) for 1 h. Then, Cy3-Glc-α (5 µM) was 
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Figure S6. The enhanced cellular glucose uptake upon treatment with ampkinone was 
monitored by using fluorescence microscope in dose-dependent manners. After 
C2C12 skeletal muscle cells were incubated with ampkinone (AKN) at various 
concentrations for 1 h, Cy3-Glc-a (5 µM) was added to these culture media and the 
fluorescence image was captured after 30 min incubation. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure S7. Immunoblot analysis of ampkinone (AKN)-induced phosphorylation of 
AMPK and Akt in time-dependent manners in L6 muscle cells. AKN selectively 
stimulates the phosphorylation/activation of AMPK but not that of Akt. 
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Figure S8. Ampkinone (AKN) is stable in liver metabolism of all species, human, 
dog, rat, and mouse. (A) Mean ± SD of remaining percent of AKN in the liver 
microsome of human, dog, rat, and mouse (n = 2). (B) Half-life time and (C) 
Microsomal stability of AKN in four different species. 
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Figure S9. Ampkinone (AKN) does not affect the cell viability in L6 cell lines 
monitored by mitochondrial activity using MTT assay at the varied incubation time 
upto 72 h at 10 µM concentration or and at the varied concentration upto 50 µM for 
24 h incubation. 
 
	  	  	   	  
Figure S10. Ampkinone (AKN) does not affect the cell viability in various cell lines 
monitored by mitochondrial activity using WST-1 assay at the varied concentration 
for 24 h incubation. 
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Chapter 4. Development of a Two-Photon Tracer for Glucose 
Uptake and its application in live tissues  
 
- Angew. Chem. Int. Ed. 2009, 48, 8027. 
 
Introduction 
In one-photon microscopy (OPM), the probes are excited with short-
wavelength light (≈350–550 nm); this, however, limits their application in tissue 
imaging, owing to inherent problems such as shallow penetration depth (<80 µm), 
interference by cellular autofluorescence, photobleaching, and photodamage.[1,2] To 
overcome these problems, it is crucial to use two-photon microscopy (TPM), which 
utilizes two near-infrared photons for excitation. TPM offers a number of advantages 
over OPM, including greater penetration depth (>500 µm), localized excitation, and 
longer observation times.[3,4] In particular, the extra penetration depth afforded by 
TPM is an essential element for application in tissue-imaging studies because the 
artifacts arising from surface preparation, such as damaged cells, can extend over 70 
µm into the tissue interior.[5] However, visualization of glucose uptake by live cells 
and tissues with two-photon (TP) tracers has not been reported so far. 
 
Results and Discussion 
The requirements for a TP tracer to visualize glucose uptake include sufficient 
water solubility for staining cells and tissues, preferential uptake by cancer cells, a 
large TP cross-section for a bright TPM image, pH resistance, and high photostability. 
Our strategy was to link α-D-glucose with the fluorophore 2-acetyl-6-
dimethylaminonaphthalene (acedan) through 3,6-dioxaoctane-1,8-diamine or a 
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piperazine linkage (in AG1 and AG2, respectively; Scheme 1), so that the tracers are 
transported into the cells through the glucose-specific mechanism. Acedan is a 
polarity-sensitive fluorophore that has been successfully employed in the 
development of TP probes for the cell membrane,[6] metal ions,[7-9] and acidic 
vesicles.[10] We now report that these tracers facilitate the visualization of glucose 
uptake in cancer cells and live tissues at a depth of 75–150 µm for more than 3000 s 
and can be used for screening anticancer agents. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Scheme 1. Structures of fluorescent tracers AG1, AG2, 2-NBDG, and Cy3-Gly-α. 
	  	  	  	  	  	  	  	  	   	  
Scheme 2. a) N-Boc-3,6-dioxaoctane-1,8-diamine, Et3N, DMF, 50  °C; b) N-Boc-
piperazine, Et3N, DMF, 50  °C; c) 1. NaOMe, MeOH; 2. 50  % TFA/CH2Cl2; 3. 1, 
EDC, DIPEA, DMF. Boc: tert-butoxycarbonyl; DMF: N,N-dimethylformamide; TFA: 
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The preparation of AG1 and AG2 is shown in Scheme 2. 6-Acetyl-2-[N-
methyl-N-(carboxymethyl)amino]naphthalene (1), 2, and 3 were prepared by the 
method used in our previous studies.[6-11] The reaction of 2 with N-Boc-piperazine 
afforded 4 in 70  % yield. AG1 and AG2 were prepared in 26 and 86  % yields, 
respectively, by treating 3 and 4 with 1. 
	  
Figure 1. A) One-photon absorption and emission spectra of AG1 and AG2 in 
phosphate-buffered saline (PBS) buffer (137 mM NaCl, 3 mM KCl, 10 mMNa2HPO4, 
2 mM KH2PO4, pH 7.4). B) Two-photon action spectra for AG1, AG2, Cy3-Glc-α, 
and 2-NBDG in PBS buffer. 
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The fluorescence spectra of AG1 and AG2 showed gradual bathochromic 
shifts with increases in the solvent polarity ( ) with the following order of solvents: 
1,4-dioxane<DMF<EtOH<H2O (Figure S1 and Table S1 in the Supporting 
Information). The large bathochromic shifts upon increases in the solvent polarity 
indicate the utility of these molecules as polarity probes. Both compounds show 
strong fluorescence in all of the solvents. Moreover, they are pH insensitive in the 
biologically relevant pH range (Figure S1  c and S1  f in the Supporting Information). 
The TP action spectrum of AG1 determined by the two-photon-excited fluorescence 
(TPEF) method[12] indicated a Φδ value of ≈90 GM at 780 nm, which is much larger 
than those observed for Cy3-Glc-α and 2-NBDG (Figure 1 and Table 1). Hence, the 
TPM images of the samples stained with AG1 or AG2 would appear much brighter 
than those stained with Cy3-Glc-α or 2-NBDG. 
	  	  	  	   	  
Table 1. Photophysical data for AG1, AG2, Cy3-Glc-α, and 2-NBDG.[a] 
 
[a] All measurements were performed in PBS buffer. [b] λmax values of the one-
photon absorption and emission spectra in nm. [c] Fluorescence quantum yield, 
±15  %. [d] λmax value of the two-photon absorption spectrum in nm. [e] The peak two-
photon action cross-section in 10−50 cm4/photon (GM), ±15  %. [f] Two-photon action 
cross-section in GM. [g] n.d.: not determined. [h] The two-photon-excited 
fluorescence intensity was too weak to allow accurate measurement of the cross-
section. [i] Reference 20.	  
 
The optimum concentration of these probes for the cellular uptake 
experiments was determined by comparing the TPM images of A549 cells treated 
with 6, 12.5, 25, 50, and 100 µM of AG1 and AG2 for 30 min. The TPM images 
appeared brighter as the probe concentration was increased up to 50 µM; however, at 
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100 µM concentrations, some cell death was observed (Figure S2 in the Supporting 
Information). Moreover, a higher uptake rate and a brighter TPM image were 
obtained when the cells were treated with AG2 than when they were treated with AG1 
(see Figure 3  A and Figure S3 in the Supporting Information). Furthermore, the effect 
of AG2 on the viability of cells was studied by using the CCK-8 kit: AG2 showed 
negligible toxicity, which indicates that it could be applied for live-cell imaging 
(Figure S4 in the Supporting Information). Therefore, we used 50 µM AG2 as the 
optimum concentration in further cellular uptake experiments. 
	  	  	  	  	  	   	  
Figure 2. Pseudocolored TPM images of A549 cells incubated with 50 µM AG2 for 
10 min, collected at A) 360–620, C) 360–460, and D) 520–620 nm. B) Two-photon-
excited fluorescence spectra from the hydrophobic (marked in blue) and hydrophilic 
(marked in red) regions of the AG2-labeled A549 cells. The thin pale blue and pink 
curves represent the dissected Gaussian functions for the blue and red bands, 
respectively. The orange and green lines are discussed in the text. The excitation 
wavelength was 780 nm. The images shown are representative of the images obtained 
in the repeat experiments (n=5). Scale bar: 30 µm. 
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The pseudocolored TPM images of cultured A549 cells treated with 50 
µM AG2 showed intense spots and homogeneous domains with two-photon emission 
maxima at 461 (marked in blue in Figure 2  A and B) and 497 nm (marked in red), 
respectively. The TPEF spectrum of the intense spots was asymmetrical and could be 
fitted to two Gaussian functions with emission maxima at 445 (green line in Figure 
2  B) and 488 nm (orange line), whereas the TPEF spectrum of the homogeneous 
domain could be fitted to a single Gaussian function (pink line) with an emission 
maximum at 497 nm. The longer wavelength band of the dissected Gaussian function 
(orange line in Figure 2  B) is similar to the band of the single Gaussian function (pink 
line). This result suggests that the probe is located in two regions of different polarity: 
a more polar one that is likely to be cytosol and a less polar one that is likely to be 
membrane associated. Moreover, the shorter wavelength band (green in Figure 2  B) in 
the dissected Gaussian functions decreases to the baseline at wavelengths of less than 
520 nm. Consistently, the TPM image collected at 520–620 nm is homogeneous 
without intense spots (Figure 2  D), whereas the one collected at 360–460 nm clearly 
shows them (Figure 2  C). Similar results were reported for acedan-derived TP probes 
for Mg2+ (AMg1)[7] and Ca2+ ions (ACa1).[8] Therefore, cytosolic AG2 can be 
selectively detected by using the detection window of 520–620 nm, with minimal 
interference from the membrane-bound probes. Furthermore, the TPM images of 
A549 cells costained with AG2 and MitoTracker, a well-known one-photon 
fluorescent (OPF) probe for mitochondria,[13] merged well with the OPM image 
(Figure S5 in the Supporting Information), which indicates that the probes are 
predominantly located in the mitochondria. 
To assess whether AG2 is selectively taken up by cancer cells, the efficiencies 
of AG2 uptake by A549 (lung carcinoma cell line), HeLa (cervical cancer cell line),  
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Figure 3. A) Relative AG1 and AG2 uptake by A549 cells. B) Relative AG2 uptake 
in cancer cells (A549, HeLa) and normal cells (HEK293, NIH/3T3). C) Relative AG2 
uptake by A549 cells after treatment with taxol (9.8 µM) for 0, 3, 6, 12, and 24 h. 
Cells were incubated with AG1 or AG2 (50 µM) for 10 min, either before (A and B) 
or after (C) treating the cells with taxol (9.8 µM) for the designated period of time, and 
TPEF intensities from 40–60 cells were determined by photomultiplier tube. The data 
are the average of at least five independent experiments. 
 
HEK293 (human embryonic kidney 293 cell line), and NIH/3T3 (murine fibroblast 
cell line) cells were compared. AG2 uptake was most efficient in A549 and HeLa 
cells, followed by HEK293 and NIH/3T3 cells (Figure 3  B and Figure S7A in the 
Supporting Information); this result is similar to that obtained in the case of Cy3-Glc-
α[14] and confirms the selective uptake of AG2 by cancer cells with enhanced glucose 
metabolism. The cellular uptake experiment showed that AG2 effectively competes 
with D-glucose in the media for cellular uptake; the fluorescence intensities of AG2 in 
A549 cells inoculated with media containing 10 mM or 50 mM D-glucose were 
reduced by about 16 and 74  %, respectively, as compared to that with glucose-
depleted medium, and the fluorescence intensity was not affected by medium 
containing L-glucose (50 mM; Figure S6 in the Supporting Information). Furthermore, 
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AG2 uptake was not influenced by the presence of 55 mM D,L-alanine, which 
indicates that osmotic pressure does not have an impact on AG2 uptake. These results 
suggest that AG2 is a glucose analogue that is taken up by the cells through a glucose-
specific transport system and not by passive diffusion.[14-17] Therefore, AG2 can be 
used for visualizing glucose uptake in living cells by TPM, without subjecting the 
cells to glucose starvation. 
To demonstrate the utility of this probe, we investigated the effects of taxol on 
AG2 uptake by A549 cells. It was expected that the anticancer agent would depress 
the cellular metabolism and thereby reduce glucose uptake in the cancer cells.[14] The 
cells were incubated with the anticancer agent for 1, 3, 6, 12, and 24 h, washed with 
PBS, treated with AG2, and then imaged. The cellular uptake of AG2 was lower with 
longer incubation times (Figure 3  C and Figure S7B in the Supporting Information). 
Dose-dependent uptake of AG2 was also observed with taxol concentrations of 49 nM, 
490 nM, and 9.8 µM (Table 2). Another anticancer agent, combretastatin, also 
inhibited AG2 uptake in a similar manner (Table 2). Hence, AG2 can be used for 
screening anticancer agents in live cells by TPM. 
	  
Table 2. Dose dependence of AG2 uptake by A549 cells in the presence of various 
concentrations of anticancer agents 
We further assessed the utility of AG2 in tissue imaging for the diagnosis of 
colon cancer, for which we used images of normal- and cancer-tissue slices from 
colon-cancer patients. The bright-field image of the normal tissue clearly revealed the 
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presence of glands on the tissue surface. However, the cancer tissue appeared almost 
amorphous and did not have a definite structure (Figure 4  A and Figure S8A in the 
Supporting Information). The tissues were incubated in artificial cerebrospinal fluid 
(ACSF) for 4 h at 37  °C in the absence and presence of taxol (50 µM), after which the 
AG2 uptake was monitored by TPM by following the change in TPEF at a depth of 
100 µm. The result shows that AG2 uptake in the cancer tissue is much faster than 
that in the normal tissue and that the cancer tissue pretreated with taxol for 4 h 
exhibits much slower AG2 uptake than the untreated one (Figure 4  A and B). A 
similar result was observed from the normal- and cancer-tissue slices obtained 
immediately after colonoscopic biopsy, which indicates that incubation of the tissue 
slices in ACSF for 4 h did not significantly influence the relative uptake rate (Figure 
S8B in the Supporting Information). Furthermore, the uptake could be monitored for 
more than 3000 s without noticeable decay. These results strongly support the 
applicability of AG2 in deep-tissue imaging for the diagnosis of colon cancer, in 
addition to its useful properties for in vivo imaging, namely high photostability and 
low toxicity. 
Colon cancer is known to originate from the mucosa in the intestinal glands 
and spread into the interior of the tissue,[18] so we have obtained TPM images at 
different depths from the tissue surface. The TPEF intensities appear scattered at 
shallow depths due to different degrees of dye adsorption at tissue surfaces that are 
very different, as shown in the bright-field images (Figure 4  A and Figure S8A in the 
Supporting Information). However, we were able to obtain reliable results at a depth 
of ≥75 µm from the tissue surface. TPM images of the tissue sections obtained for 
4000 s revealed the AG2 distribution at depths of 75, 100, 125, and 150 µm, and each 
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image exclusively represents the distribution in a given plane (Figure S8D and S9 in 
the Supporting Information). 
 
	  
Figure 4. A) Images of normal tissue (a–c), cancer tissue (d–f), and cancer tissue 
treated with taxol (g–i). Normal tissues were incubated in ACSF for 4 h, and cancer 
tissues were incubated in the absence and presence of taxol (50 µM) in ACSF for 4 h, 
after which AG2 uptake was monitored. a, d, and g are bright-field images; b, e, and h 
are pseudocolored TPM images obtained after incubation with AG2 for 4000 s; and c, 
f, and i are pseudocolored TPM images obtained after incubation with AG2 for 4 h. 
The TPM images were obtained at a depth of 100 µm by collecting the TPEF spectra 
in the range of 520–620 nm on excitation with fs pulses at 780 nm. Scale bar: 30 µm. 
B) Time course of AG2 uptake by normal tissue, cancer tissue, and cancer tissue 
treated with taxol (50 µM) at 100 µm depth as a function of time. C) Relative AG2 
uptake by normal tissue, cancer tissue, and cancer tissue treated with taxol (50 µM) for 
4000 s. The columns indicate the sum of the TPEF intensities measured by 
photomultiplier tube at depths of 75, 100, 125, and 150 µm from the tissue surface, 
relative to that of normal tissue. The data are the average of three independent 
experiments. 
 
TPM images were obtained up to a depth of 150 µm due to the limited 
penetration of AG2 into the tissues during the incubation; TPM images at deeper 
depths could be obtained if the tissues were incubated for a longer period of time. As 
expected, the uptake was most efficient near the tissue surface; it decreased with 
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larger imaging depths and was negligible at a depth of >150 µm. In addition, the 
uptake rate was much slower than that in the cells, probably because of the 
extracellular matrix, which is more abundant in aged tissues. The sum of the TPEF 
intensities measured at depths ranging from 75 to 150 µm was largest in the case of 
cancer tissue, followed by cancer tissue treated with taxol, and then normal tissue 
(Figure 4  C). This result once again clearly demonstrates the preferential uptake of 
AG2 by cancer tissue and emphasizes the usefulness of AG2 in the diagnosis of colon 
cancer. 
Finally, it is worthwhile to compare the near-infrared (NIR) imaging with the 
IR dye 800CW-2DG[19] and the TPM imaging with AG2. Both methods are capable 
of imaging deep inside live tissues because of the long excitation wavelengths (≈800 
nm). However, the two methods are entirely different. Whereas the former is useful 
for imaging big objects such as a whole mouse, the latter is suitable for imaging 
microlevel objects such as cells and tissue slices with high resolution. Due to the 
localized excitation inherent in the two-photon process and the capability of imaging 
the pixels (focal point of the laser), TPM images can be obtained at different depths 
with a few hundred nm resolution (Figure S8 and S9 in the Supporting Information). 
This is not possible with NIR imaging. 
 
Conclusion 
To conclude, we have developed a new TP tracer, AG2, that can be excited by 
780 nm  fs laser pulses and can be easily taken up by cancer cells and tissues through 
glucose-specific translocation. AG2 is pH independent at a wide range of 
physiological pH values (pH 4.0–10) and shows negligible cytotoxicity and high 
photostability. It can monitor glucose uptake in normal and colon-cancer tissues from 
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human patients for more than 3000 s and can visualize the efficacy of anticancer 
agents in cancer cells and colon-cancer tissues at depth of 75–150 mm by TPM. This 
compound may be useful in diagonizing the early stages of cancer and in the 
development of customized cancer therapy for a patient by comparing the uptake rates 





Figure S1. (a, d) Normalized absorption (b, e) emission spectra and (c, f) pH 
dependency of (a, b, c) AG1, (d, e, f) AG2 in 1,4-dioxane, DMF, EtOH, and H2O. 
 
 
Table S1. Photophysical properties of AG1, AG2 in various solvents. 
[a] The numbers in the parenthesis are normalized empirical parameter of solvent 
polarity.[5] [b] λmax of the one-photon absorption and emission spectra in nm. [c] 
Fluorescence quantum yield, ± 15 %. 
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Spectroscopic measurements : Absorption spectra were recorded on a Hewlett-
Packard 8453 diode array spectrophotometer, and fluorescence spectra were obtained 
with Amico-Bowman series 2 luminescence spectrometer with a 1-cm standard quartz 
cell. The fluorescence quantum yield was determined by using Coumarin 307 and 
Rhodamine B as the reference. The spectral data obtained under various conditions 
are summarized in Figure S1 and Table S1. 
 
Two-photon fluorescence microscopy : Two-photon fluorescence microscopy images 
of probelabeled cells and tissues were obtained with spectral confocal and 
multiphoton microscopes (Leica TCS SP2) with a x 100 (NA = 1.30 OIL) and x 20 
(NA = 0.30 DRY) objective lens, respectively. The twophoton fluorescence 
microscopy images were obtained with a DM IRE2 Microscope (Leica) by exciting 
the probes with a mode-locked titanium-sapphire laser source (Coherent Chameleon, 
90 MHz, 200 fs) set at wavelength 780 nm and output power 1230 mW, which 
corresponded to approximately 10 mW average power in the focal plane. To obtain 
images at 360–460 nm and 520–620 nm range, internal PMTs were used to collect the 
signals in an 8 bit unsigned 512 x 512 pixels at 400 Hz scan speed. 
 
Cell culture and imaging : A549 human lung carcinoma cells, HeLa human cervical 
carcinoma cells, NIH/3T3 murine fibroblast cells, HEK293 human embryonic kidney 
cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, 
USA). A549 cells were cultured in RPMI 1640 (WelGene) supplemented with heat-
inactivated 10% FBS (WelGene), penicillin (100 units/mL), and streptomycin (100 
ug/mL). NIH/3T3 cells, HeLa cells, and HEK293 cells were cultured in DMEM 
(WelGene) supplemented with heat-inactivated 10% FBS (WelGene), penicillin (100 
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units/mL), and streptomycin (100 ug/mL). All the cell lines were maintained in a 
humidified atmosphere of 5% CO2 and 95% air at 37 °C. Two days before imaging, 
the cells were detached and 104/mm2 cells were plated on glass-bottomed dishes 
(MatTek). For labeling, the growth medium was removed and replaced with RPMI 
1640 (without D-glucose) (United Search Partners, Austin, TX, USA) without serum. 
The cells were treated and incubated with required concentration of tracker at 37 °C 
for 10 min. The cells were washed three times with phosphate buffered saline (PBS; 
Gibco) and then imaged. To compare the relative uptake of AG1 and AG2 per unit 
cell, the TPEF intensities from regions of interest chosen without bias among 46-60 
cells were determined by the photomultiplier tube (PMT) and the data were 
digitalized by Histogram (program for data analysis). The relative uptake in tissues 
was determined by the same method except that TPM images of the tissue sample 
were obtained at different depths. The effects of taxol and combretastatin on the AG2 
uptake were determined by adding appropriate amount of the DMSO solution (10 mM) 
of the anti cancer agents to the cells and tissues. In all cases the DMSO content was 
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Optimum concentration of AG1 and AG2 for the uptake experiment : To determine the 
optimum concentration for the uptake experiment, the TPM images of A549 cells 
labeled with 6, 12.5, 25, 50, and 100 µM of AG1 and AG2 for 30 min were compared. 
The image became brighter as the probe concentration was increased up to 50 µM; 
however, at higher concentration than this, the cell death was observed (Figure S2). 
Moreover, the uptake rate was faster (600 vs 800 s) and the TPM image was brighter 
when the cells were labeled with AG2 than when they were treated with AG1 (Figure 
S3). Therefore, we used 50 µM of AG2 for the uptake experiments. 
	  
Figure S2. Images of A549 cells incubated with 6-100 µM of AG1 (a-j) and AG2 (k-t) 
for 30 min. f-j and p-t are bright field images; a-e and k-o are TPM images. TPM 
images were obtained by collecting TPEF at 520-620 nm upon excitation with fs 
pulses at 780 nm. The images shown are representative of the images obtained in the 
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Figure S3. Images of A549 cells incubated with AG1 (a-d) and AG2 (e-h). a and e 
are bright-field images; b and f are TPM images obtained immediately after 
incubation; and c and g are TPM images obtained 40 min after incubation. (d, h) 
Changes of the relative fluorescence intensity with time at the regions of six 
independent cells marked in (a, e), which are chosen without bias. TPM images were 
obtained by collecting TPEF at 520–620 nm upon excitation with fs pulses at 780 nm. 
Scale bars, 30 µm. 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure S4. Viability of A549 cells in the presence of AG2 as measured by using 
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Colocalization experiment : To determine where AG2 is predominantly located inside 
the cells, a colocalization experiment was conducted with A549 cells by co-staining 
with AG2 and MitoTracker, a well known one-photon fluorescent (OPF) probe for the 
mitochondria. The TPM image was well merged with the OPM image (Figure S6), 
indicating that the probes are predominantly located in the mitochondria. 
	  	  	  	  	  	  	   	  
Figure S5. (a) TPM image of A549 cells incubated with 50 µM AG2 for 10 min, (b) 
one-photon fluorescence image of the A549 cells labeled with Mito-Tracker for 10 
min, and (c) merged image. Exitation wavelengths are 780 nm (a) and 488 nm (b), 
respectively. The images shown are representative of the images obtained in the 
replicate experiments (n = 5). Scale bars, 30 µm. 
 
Competition experiment : To determine whether the intracellular uptake pathway of 
AG2 is relevant to that of D-glucose, a competition experiment was conducted. For 
this purpose, A549 cells were incubated with AG2 (50 µM) for 10 min in the presence 
of 0, 10, and 50 mM D-glucose, and 50 mM L-glucose and relative AG2 uptake was 
determined by TPM. To assess whether the osmotic pressure does not have an impact 
on the uptake, the same experiment was conducted in the presence of 55 mM D,L-
alanine. The results are shown in Figure S7. 
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Figure S6. Dose-dependent inhibition of AG2 uptake by A549 cells in the presence 
of D- and L-glucose and D,L-alanine. TPEF intensities from 40-60 cells were 
measured by PMT. The data are the average of at least five independent experiments. 
The TPEF was collected upon excitation at 780 nm with fs pulses. 
 
	  	  	  	  	  	  	  	   	  
Figure S7. (A) TPM images of A549 cells (a, e), HeLa cells (b, f), HEK293 cells (c, g), 
and NIH/3T3 cells (d, h) after AG2 (50 µM) uptake for 10 min, a–d are bright-field 
images and e–j are TPM images. (B) TPM images of A549 cells after treatment with 
taxol (9.8 µM) for 0 h (a, f), 3 h (b, g), 6 h (c, h), 12 h (d, i), and 24 h (e, j). a–e are bright 
field images and f–j are TPM images. Each image was obtained after treating the cells 
with taxol (9.8 µM) for the designated period of time, after which they were incubated 
with AG2 (50 µM) for 10 min. The images were obtained by collecting the TPEF in the 
range of 520–620 nm upon excitation with fs pulses at 780 nm. The images shown are 
representative of the images obtained in the replicate experiments (n = 5). Scale bar, 30 
µm. 
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Preparation and TPM imaging of human cancer tissue slices : Human colon cancer 
tissues and normal tissues were obtained from colon cancer patients during 
colonoscopic examination, according to an approved institutional review board 
protocol. Normal tissues, cancer tissues, and cancer tissues containing 50 µM taxol 
were incubated in artificial cerebrospinal fluid (ACSF) bubbled with 95% O2 and 5% 
CO2 for 4 hrs at 37 °C. Tissues were then washed three times with ACSF, transferred 
to glassbottomed dishes (MatTek), added with 50 µM AG2, and observed by TPM 
(Figure 4 in the text). To determine whether the relative uptake was influenced by the 
incubation in ACSF, the same experiment was conducted using normal tissues and 
colon cancer tissues obtained immediately after colonoscopic biopsy. The result is 
similar to that obtained with tissues incubated in ACSF for 4 h, indicating that the 
relative uptake is not influenced by the incubation (Figure S8). 
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Figure S8. (A) Images of normal tissues (a,b,c) and cancer tissues (d,e,f) from a colon 
cancer patient. a and b are bright field images; b and e are pseudo-colored TPM 
images obtained after incubation with AG2 (50 µM) for 3,000 s; and c and f are 
pseudo-colored TPM images obtained after incubation with AG2 (50 µM) for 5 h. (B) 
Time course of AG2 uptake by normal and cancer tissues obtained immediately after 
colonoscopic biopsy at 100 µm depth. (C) The columns indicate the sum of the TPEF 
intensities measured by PMT at depths of 75, 100, 125, and 150 µm from the tissue 
surface, relative to that of normal tissue. The data are the average of 3 independent 
experiments. (D) TPM images of normal and cancer tissues obtained at depths of 75, 
100, 125, and 150 µm from the tissue surface. TPM images were obtained by 
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Figure S9. TPM images of normal tissue (a, b, c, d), cancer tissue (e, f, g, h), and cancer 
tissue treated with taxol (50 µM) (i, j, k, l) for 4,000 s at depths of 75, 100, 125, and 150 
µm from the tissue surface. Normal tissues were incubated in ACSF for 4 h, and cancer 
tissues were incubated in the absence and presence of taxol (50 µM) in ACSF for 4 h, 
after which AG2 uptake was monitored. The TPM images were obtained by collecting the 
TPEF at 520–620 nm upon excitation at 780 nm with fs pulse. Scale bar, 150 mm. 
 
Synthesis of AG1 and AG2. The synthetic procedures for 6-Acetyl-2-[N-methyl-N- 
(carboxymethyl)amino]naphthalene (1), (2-bromoethyl)-2,3,4,6-tetra-O-benzoyl-α-D-
glucoside (2) and [2-(N-boc-3,6-dioxaoctane-1,8-diaminoethyl)]-2,3,4,6-tetra-O-
benzoyl-α-D-glucoside (3) are available in our previous publication.[9] Syntheses of 
compounds AG1, AG2, and 4 are described below.  
 
Synthesis of AG1. To a solution of 3 (130 mg, 0.17 mmol) in MeOH (1 mM), sodium 
methoxide (0.5 M in MeOH, 1.1 mL, 0.56 mmol) was added for debenzoylation of 3. 
After the reaction was completed, the reaction mixture was neutralized with 
methanolic HCl, and then concentrated under reduced pressure. For the deprotection 
of Boc group, 50 % TFA in dichloromethane was added to the resulting residue of 
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previous reaction. The resulting fully-deprotected compound was condensed by N2 
purging, redissolved in DMF (1 mL), slightly basified with TEA (0.58 mL, 0.42 
mmol), and added with 1 (36 mg, 0.14 mmol) and EDC (40 mg, 0.21 mmol) in DMF 
(500 mL) for amide coupling. The reaction mixture was stirred at room temperature 
and the reaction completion was monitored by HPLC analysis. The elution protocol 
for analytical HPLC starts with 95% eluent A (deionized water containing 0.1 % TFA) 
and 5% eluent B (HPLC-grade acetonitrile containing 0.1% TFA) for 1 min, followed 
by a linear gradient to 60, 50, 5, and 0% of eluent A over the period of 4, 10, 10, and 
5 min, respectively. The elution was continued with 0% eluent A for 5 min and 
returned back to 95% eluent A over 10 min period for regeneration. Purification by 
prep-HPLC afforded 22 mg (26 %) of AG1 (retention time: 11 min). The desired 
product was confirmed by 1H, 13C NMR, MALDI-TOF MS, and HRMS. 1H NMR 
(300 MHz, CD3OD) δ 8.40 (s, 1H), 7.89 (s, 1H), 7.86 (s, 1H), 7.66 (d, J = 8.7 Hz, 1H), 
7.18 (dd, J = 6.6, 2.4 Hz, 1H), 6.97 (d, J = 2.1 Hz, 1H), 4.82 (d, J = 3.6 Hz, 1H), 4.10 
(s, 2H), 4.00–3.93 (m, 1H), 3.81 (dd, J = 11.7, 2.0 Hz, 1H), 3.70–3.58 (m, 5H), 3.57–
3.47 (m, 8H), 3.45–3.35 (m, 3H), 3.32–3.27 (m, 3H), 3.25–3.22 (m, 2H), 3.15–3.12 
(m, 2H), 2.64 (s, 3H); 13C NMR (75 MHz, CD3OD) δ 198.94, 171.66, 149.45, 137.66, 
130.84, 130.64, 130.49, 126.16, 125.68, 123.94, 116.04, 105.69, 98.84, 73.53, 72.89, 
71.83, 70.14, 69.97, 69.84, 69.20, 65.36, 62.26, 61.23, 56.32, 46.92, 46.87, 38.80, 
38.70, 25.08; HRMS(FAB+) calcd for C29H44N3O10 [M+H]+: 594.3021; found: 
594.3020. 
 
[2-(N-Boc-piperazinyl)]-2,3,4,6-tetra-O-benzoyl-a-D-glucoside (4): Compound 4 
was prepared by a similar procedure used for the synthesis of 3 from 2.[9] To a 
solution of (2-bromoethyl)-2,3,4,6-tetra-O-benzoyl-α-D-glucoside 2 (230 mg, 0.327 
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mmol) in 2 mL anhydrous DMF, N-Boc-piperazine (183 mg, 0.981 mmol) and TEA 
(182 µL, 1.308 mmol) were added, and the reaction mixture was stirred at 50 °C. 
After the completion of reaction monitored by thin-layered chromatography (TLC), 
the resulting solution was diluted with ddH2O, and extracted trice with ethyl acetate. 
The combined organic layer was washed with brine and dried under anhydrous 
MgSO4. The filtrate was condensed under reduced pressure and the desired product 4 
was purified by silica-gel flash column chromatography (n-hexane : ethyl acetate = 2 : 
1 gradually changed to 1 : 2) as a yellowish oil (185 mg, 70%): 1H NMR (500 MHz, 
CDCl3) δ 8.05–7.86 (m, 8H), 7.57–7.28 (m, 12H), 6.18 (t, J = 10 Hz, 1H), 5.68 (t, J = 
9.5 Hz, 1H), 5.43 (d, J = 3.5 Hz, 1H), 5.29 (dd, J = 10.0, 3.5 Hz, 1H), 4.63–4.59 (m, 
1H), 4.49–4.45 (m, 2H), 3.89 (ddd, J = 11.0, 5.5, 5.0 Hz, 1H), 3.67 (ddd, J = 11.0, 6.0, 
5.0 Hz, 1H), 3.23 (bs, 4H), 2.65–2.58 (m, 2H), 2.35 (bs, 4H), 1.44 (s, 9H); 13C NMR 
(125 MHz, CDCl3) δ 166.62, 166.30, 166.16, 165.78, 155.11, 133.99, 133.92, 133.64, 
130.33, 130.20, 130.16, 130.13, 129.62, 129.44, 129.34, 128.97, 128.90, 128.78, 
96.38, 96.32, 80.01, 72.42, 70.88, 70.00, 68.73, 66.73, 63.51, 57.92, 53.87, 28.91; 
LC/MS calcd for C45H49N2O12 [M+H]+: 809; found: 809. 
 
Synthesis of AG2. AG2 was prepared by a similar procedure used for the synthesis of 
AG1. The crude product was purified by prep-HPLC to afford 13 mg (86 %) of AG2. 
1H NMR (300 MHz, CD3OD) δ 8.41 (s, 1H), 7.89–7.83 (m, 2H), 7.64 (d, J = 8.0 Hz, 
1H), 7.21 (dd, J = 9.3, 2.3 Hz, 1H), 6.98 (s, 1H), 4.92 (d, J = 3.6 Hz, 1H), 4.54 (s, 2H), 
4.18–4.07 (m, 2H), 3.88–3.83 (m, 3H), 3.71–3.43 (m, 10H), 3.35–3.32 (m, 2H), 3.17 
(s, 4H), 2.65 (s, 3H); 13C NMR (75 MHz, CD3OD) δ 198.96, 168.82, 149.77, 137.84, 
130.54, 130.47, 125.98, 125.38, 123.76, 115.87, 105.28, 98.93, 73.49, 73.10, 71.72, 
70.01, 61.23, 60.47, 56.01, 52.92, 38.41, 25.01; HRMS(FAB+) calcd for 
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C27H38N3O8[M+H]+: 532.2653; found, 532.2652. 
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Chapter 5. Fluorescent Probe for Detection of Fluoride in Water and 
Bioimaging in A549 Human Lung Carcinoma Cells 
 
- Chem. Commun. 2009, 4735 
 
Introduction 
Fluoride ions are widely used as an essential ingredient in toothpaste 
and pharmaceutical agents and are even added to drinking water owing to their 
tendency to prevent dental caries[1] and enamel demineralization resulting from 
wearing orthodontic appliances; they are also used for the treatment of 
osteoporosis.[2] However, a high intake of fluoride may cause fluorosis,[3] and also 
lead to nephrotoxic changes[4] and urolithiasis in humans.[5] In molecular 
and cell biology, NaF is known to influence various cell signaling processes [6] and to 
induce apoptosis at high concentrations for 24 h in mammalian cells.[7] For these 
reasons, considerable effort has been devoted to the development of novel methods 
for the detection of fluorides, particularly NaF.[8,9] In fact, the development 
of receptor -based sensors for the detection of fluoride ions is challenging owing to 
the small size, high electronegativity, and high hydration enthalpy of fluoride ion. 
Therefore, while most chemosensors recognizefluoride ions in a tetrabutylammonium 
fluoride (TBAF) salt in organic solvents,[8] only a few can detect fluoride ions, as in 
NaF, in aqueous solutions.[9] Recently, Gabbaï successfully demonstrated a borane-
based fluoride receptor working in DMSO–H2O (4 : 6, v/v).[9a] Swager, Yang and 
their co-workers also developed fluoride-detecting systems based on 
a coumarin moiety performing in organic solvents such as THF, CH2Cl2 or 
in acetone–water (7 : 3, v/v) through Si–O bond cleavage.[8e,9d] However, none of the 
fluoride chemosensors meet the requirements for biological applications, which are as 
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follows; (1) to be able to selectively detect fluoride ions in 100% water, (2) to be 
capable of permeating the cell membrane , (3) to be non-toxic and display 
fluorescence upon the detection of fluoride ions in cellular systems. To the best of our 
knowledge, no fluoride chemosensors or probes satisfying the above-mentioned 
requirements have been reported. 
 
Results and Discussion 
In an effort to address these issues for biological applications, we have 
explored the possibility of developing a novel fluoride chemodosimeter in water. As 
part of previous contributions to the development of chemodosimeters,[8b,e,f,9] we 
recently demonstrated a resorufin-based chemodosimeter incorporating a tert-
butyldiphenylsilyl (TBDPS) moiety for the detection of fluoride anions, with high 
selectivity in aqueous solution.[9b] However, our initial attempt to apply the resorufin -
based system for the detection of fluoride ion in 100% water failed due to its poor 
solubility in water. 
In our endeavour to develop a fluoride sensor in water, we moved forward to 
design a new fluoride detection system working under physiological conditions. In 
order to improve the water solubility, we planned to downsize our sensor system and 
introduce hydrophilic moieties. This analysis led us to design a 7-hydroxycoumarin-
based system containing a tert-butyldimethylsilyl (TBDMS) moiety, TBMCA (1, tert-
butyldimethylsilyl 7-hydroxycourmarin-4-acetic acid methyl ester ), based on a 
previous approach.[9b] In addition, we introduced a methyl ester group to 4-acetic acid 
on the fluorescent coumarin moiety to increase water solubility and to 
enhance cell permeability as well as to detain the fluorophore inside the cell after 
hydrolysis by using a negatively charged carboxylate group.[10] TBMCA was prepared 
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by silyl protection of 7-hydroxycoumarin-4-acetic acid methyl ester with TBDMSCl 
and imidazole in anhydrous DMF.[11] 7-Hydroxycoumarin-4-acetic acid methyl 
ester was synthesized in accordance with a known procedure.[12] Unfortunately, the 
fluorescence intensity of TBMCA immediately showed strong enhancement upon the 
exposure to phosphate buffered saline (PBS) (Figure S4 in the Supporting 
Information). In addition, the fluorescence intensity of TBMCA was increased only 
1.2-fold after treatment of 1 mM NaF for 3 h in PBS (Figure S1 and S4 in the 
Supporting Information), which is consistent with a previous report.[9d] We initially 
conjectured that the strong enhancement of fluorescence intensity in PBS was due to 
the instability of the TBDMS moiety in TBMCA. However, the fluorescence intensity 
of TBMCA was barely changed in PBS over a 24 h period (Figure S2 in the 
Supporting Information). Then, we examined fluorescence emission changes 
of TBMCA as a function of solvent polarity and observed increased fluorescence 
intensity of TBMCA in accordance with increased polarity of solvent (Figure S3 and 
S4 in the Supporting Information). Based on this observation, we postulated that the 
covalent bond character of the Si–O bond of TBMCA is much weaker in water, due to 
its interaction with water molecules, which renders mimicking the intramolecular 
charge transfer (ICT) events via stronger Si–O bond polarization and leads to turn-on 
of fluorescence in water without actual desilylation. Consequently, there was only a 
marginal enhancement of fluorescence when TBMCA was treated with fluoride anion 
in water (Figure S1 in the Supporting Information). Therefore, we decided to replace 
TBDMS (dimethyl) moiety with a bulkier TBDPS (diphenyl) moiety to reduce the 
accessibility of water molecules to the silicon atom. 
TBPCA (2, tert-butyl diphenyl silyl 7-hydroxy courmarin-4-acetic 
acid methyl ester ) was prepared using TBDPSCl by the same procedure as that 
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for TBMCA. TBPCA was prepared for the selective turn-on of quenched fluorescence 
by an ICT mechanism when 7-hydroxycoumarin 3 was released upon the attack 
of fluoride ion on the silyl ether moiety (Scheme 1). The fluorescence intensity 
of TBPCA is also affected by the solvent polarity, but significantly less than that 
of TBMCA (Figure S3 and S4 in the Supporting Information). In terms of sensitivity 
toward fluoride ion, we observed more than 4-fold enhancement of fluorescence 
intensity of TBPCA after treatment of 1 mM NaF for 3 h in PBS (Figure S1 in the 
Supporting Information). Therefore, we selected TBPCA as a fluoride sensor with 
excellent properties for the application in physiological conditions. 
	  
 
Scheme 1 Molecular structures of TBMCA and TBPCA, and the sensing mechanism 
of probe TBPCA for the detection of NaF. 
 
The enhanced fluorescence intensity of TBMCA in water, but not in the case 
of TBPCA, is consistent with the computer-assisted rationalization with ab 
initio calculation and molecular modelling (see	   Supporting Information).[13] In 
fact, ab initio calculation intimates the importance of the electronic effect by the 
TBDPS and TBDMS group in polar solvents ; the Si–O polarity difference (|ΔQ| = 
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0.021 C) and the Si–O bond length difference (0.007 Å) 
of TBPCA between hexane and water were significantly smaller than those (|ΔQ| = 
0.103 C, 0.009 Å) of TBMCA. In addition, the water -accessible area on silicon atom 
of TBPCA was 0.23 Å2, which is significantly smaller than that (1.67 Å2) of TBMCA, 
as calculated by molecular modelling software, Naccess, which means that the Si–O 
bond of TBMCA is quite accessible to water. These results also support our initial 
rationale above. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 1. (a) Fluorescence emission change of TBPCA (2 µM) recorded 4 h after 
reaction with various concentrations of NaF (0–1.3 mM) in 10 mM HEPES 
buffer (pH 7.4) at 25 °C. (b) Comparison of fluorescence emission intensity 
of TBPCA (2 µM) after 4 h for various sodium salts (1 mM) in 10 mM HEPES 
buffer (pH 7.4) at 25 °C (blue line represents NaF).	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Figure 2. Optical changes in fluorescence emission of TBPCA (2 µM) 
when TBPCA is excited by UV irradiation (λex: 365 nm) after 4 h for various sodium 
salts (1 mM) in 10 mM HEPES buffer (pH 7.4) at 25 °C. Left to right: TBPCA, F−, 
Cl−, Br−, I−, AcO−, NO3−, N3−, H2PO4− (sodium salts). 
 
We confirmed the linearity of the fluorescence emission intensity (λem: 461 nm) 
of TBPCA (2 µM) relative to fluoride concentrations in HEPES buffer at 25 °C 
(Figure 1A). On the basis of this calibration curve at 461 nm, the concentration of 
NaF can be confidently predicted by measuring the fluorescence emission of TBPCA. 
Even though fluoride anions have high selectivity and affinity towards the silicon 
atoms of TBDPS, it is difficult to overcome the strong hydration effect of fluoride in 
aqueous environments; therefore, an extended incubation time is required for the 
consistent determination of fluoride concentration through sufficient reaction 
of fluoride ions with TBPCA.[9b] For instance, the fluorescence emission intensity 
of TBPCA was maximized only 4 h after exposure to 1 mM NaF in the HEPES 
buffer at 25 °C (Figure S6 in the Supporting Information). The selectivity 
of TBPCA for F− was confirmed by treatment of various anions (1 mM) as sodium 
salts such as Cl−, Br−, I−, AcO−, NO3−, N3−, H2PO4−. As shown in Figure 1B, only NaF 
can efficiently exhibit fluorescence emission (λex: 375 nm) and the fluorescence 
intensity in the case of NaF is more than seven times that produced in the case of the 
other anions. Figure 2 clearly shows the difference between the optical image 
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of TBPCA in the presence of NaF and UV light (λex: 365 nm) and the optical image in 
the presence of other anions. Finally, we examined whether TBPCA can influence 
the cell viability in mammalian cells. After the treatment of the A549 human 
epithelial lung carcinoma cell line with TBPCA (20 µM) for 24 h, there was 
no reduction in the cell viability: the cell viability was measured by considering the 
mitochondrial function using Cell Counting Kit-8 (CCK8),[14] and this result indicates 
the possibility of using TBPCA for bioimaging live cells in aqueous media.[15]  
	  
Figure 3 Brightfield image and fluorescence cell images of A549, human epithelial 
lung carcinoma. (a) Bright-field image of A549 cells incubated with TBPCA (20 µM) 
for 30 min and subsequently incubated for 3 h at 37 °C. (b) Fluorescence image of 
A549 incubated with TBPCA (20 µM) for 30 min and subsequently incubated 
without NaF for 3 h at 37 °C. (c)Fluorescence image of A549 cells incubated 
with TBPCA (20 µM) for 30 min and subsequently treated with 50 mM NaF for 3 h 
at 37 °C. The scale bar represents 20 µm.	  
	  
TBPCA fulfills the requirements for displaying fluorescence in in 
vitro cell imaging: it can be retained in a cell, it is non-cytotoxic, and it can exhibit 
fluorescence upon sensing the appropriate physiological conditions. On the basis of 
these properties of TBPCA, which indicate that this probe is a selective 
chemodosimeter for fluoride anions, we explored the possibility of its use in 
biological systems by its application to A549 human lung carcinoma cell lines. The 
addition of 50 mM NaF to A549 cells loaded with TBPCA (20 µM) leads to a 
significant increase in the fluorescence intensity as compared to control experiments 
(Figure 3B and 3C). Due to the slow rate of this reaction, the TBPCA-loaded 
A549 cells with NaF have to be incubated for 3 h at 37 °C to obtain the maximum 
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fluorescence intensity; incubation for more than 3 h causes the deterioration of the 
fluorescence signal. 
To take advantage of the chemodosimeter, TBPCA was also used for the 
quantification of fluoride ions in the cells. After 3 h incubation of the A549 cells with 
NaF (50 mM) under the physiological conditions, the cells were harvested and 
thoroughly washed. The harvested cells were sonicated and centrifuged for the 
preparation of cell lysate in PBS buffer. The resulting lysate was treated 
with TBPCA (2 µM) for 4 h at 25 °C to quantify the fluoride ions in the cell lysates; 
the quantification was performed on the basis of the fluorescence intensity and a 
standard curve prepared with NaF-doped cell lysates. This new quantification method 
reveals that 1.86 × 10−2 pmol fluoride anion is present in the cytoplasm per cellunder 
physiological conditions (Figure S12 in the Supporting Information). 
 
Conclusion 
In conclusion, we have successfully developed TBPCA as a fluoride 
ion probe for fluorescence cell bioimaging with desired properties, such as the 
detaining of the fluorophore inside a cell , non-cytotoxicity to mammalian cells , 
fluorescence upon sensing, appreciable solubility in water, and stoichiometric reaction 
with analytes . We also demonstrated fluorescence cell bioimaging using TBPCA for 
the detection of NaF in A549 human epithelial lung cancer cells under physiological 
conditions. Moreover, TBPCA can be utilized for the quantification of fluoride ions 









Figure S1. The fluorescence emission changes (ex: 375 nm) of left: TBMCA (2 µM) 
and right: TBPCA (2 µM) after the treatment of 1 mM NaF for 3 h in 10 mM PBS 








Figure S2. Fluorescence emission change (ex: 375 nm) in the case of TBMCA (2 µM, 
left panel) and TBPCA (2 µM, right panel) over 24-h period in 10 mM PBS buffer 
(pH = 7.4) at 25 °C. This data confirm that the Si-O bond itself was not influenced by 
the extended exposure to PBS. 
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Figure S3. The fluorescence emission change (ex: 375 nm) in the case of TBMCA (2 
µM, top panel) and TBPCA (2 µM, bottom panel) in accordance with solvent polarity. 
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Figure S4. Optical change in fluorescence emission of TBMCA (2 µΜ) and TBPCA 
(2 µΜ) excited by UV irradiation (ex: 365 nm) according to the solvent polarity.(left 
panel) Comparison of optical change in fluorescence emission of TBMCA and 
TBPCA excited by UV irradiation in the absence or presence of NaF (1 mM) after 3 
h in PBS (right panel); 1: TBMCA in DMSO, 2: TBMCA in PBS, 3: TBPCA in 
DMSO, 4: TBPCA in PBS, 5: TBMCA in PBS, 6: TBMCA + NaF in PBS, 7: 









Figure S5. (Left) Fluorescence standard curve (λem: 461 nm) of TBPCA (2 µM) 
monitored after 4 h incubation according to NaF concentration in 10 mM HEPES 
buffer (pH = 7.4) at 25 °C. [NaF (equiv) = 0, 25, 50, 100, 150, 225, 300, 400, 500, 
750]; (Right) Linear responses of TBPCA (2 µM) as a function of NaF concentration 
was observed ranging between 0 and 4.3 × 10−4 M. According to regression equation 
for fluorescence standard curve, detection limit was estimated to be 3.88 × 10−4 M. 
 
	  





Figure S6. At 1 mM NaF, the fluorescence emission change (ex: 375 nm) of TBPCA 
(2 µM) with time in 10 mM HEPES buffer (pH = 7.4) at 25 °C. The fluorescence 
emission intensity of TBPCA (2 µM) was maximized at 4 h. [Time = 0, 10 min, 20 









                                        	  
Figure S7. Fluorescence optical change of TBPCA (2 µM) excited by UV lamp (ex: 
365 nm) 4 h after the treatment with 1 mM NaF in 10 mM HEPES buffer (pH = 7.4) 
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Figure S8. Comparison (F/F0 value) of the fluorescence emission changes (ex: 375 
nm) of TBPCA (2 µM) 4 h after the treatment with various sodium salts (1 mM) in 10 
mM HEPES buffer (pH = 7.4) at 25 °C. F0: fluorescence emission intensity (em: 461 
nm) of TBPCA, F: fluorescence emission intensity (em: 461 nm) of TBPCA for each 
sodium salts. 
 
Cell culture: A549 human lung carcinoma cells were obtained from American Type 
Culture Collection [ATCC, Manassas, VA, USA]. A549 cells were cultured in RPMI 
1640 [GIBCO, Invitrogen] supplemented with 10% (v/v) fetal bovine serum [GIBCO, 
Invitrogen] and 1 % (v/v) Antibiotic-Antimycotic solution [GIBCO, Invitrogen]. The 
cells were maintained in a humidified atmosphere of 5% CO2 and 95% air at 37℃, 
and cultured in T75 Flask [Nalgene Nunc International, Naperville, IN, USA] 
according to manufacturers’ instruction. The growth medium was changed every two 
to three days. Cells were grown to confluence prior to the experiment. 
	  
	  
Inverted Fluorescent Microscope for Fluorescent Imaging Protocol : Human lung 
carcinoma (A549) cells (1 ⅹ 104 cells/mL) were seeded on a Lab-Tek glass chamber 
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slide [Nalge Nunc International, Naperville, IN, USA] in 35 mm cell culture dish. 
After 24 h, cells were treated with TBPCA (20 µM) in RPMI 1640 for 1 h and 
washed two times with PBS (phosphate buffered saline) [Welgene, Korea]. Then, 
RPMI 1640 containing various concentrations of NaF was treated to cells for 3 h. 
Finally, the glass chamber slide was taken from culture dish and loaded on the 
fluorescent microscope [IX71, Olympus, Japan]. The fluorescent images were taken 
with blue filter (excitation: 380 nm, emission: >450 nm). Image analysis was 
performed in Image-pro plus 6.2 [Media Cybernetics, USA]. 
 
 
Figure S9. Bright-field image, fluorescence images, and merged images of A549, 
human epithelial lung carcinoma. Bright-field image (A), fluorescence image (B), and 
merged image (C) of A549 cells incubated with TBPCA (20 µM) for 30 min and 
subsequently incubated for 3 h at 37 °C. Bright-field image (D), fluorescence image 
(E), and merged image (F) of A549 incubated with TBPCA (20 µM) for 30 min and 
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Cell viability test: Cell viability was measured to determine the cytotoxicity of our 
probe using the Cell Counting Kit (CCK)-8 assay [Dojindo, Tokyo, Japan], and the 
experimental procedure is based on the manufacturer’s manual. Cells were cultured 
into 96-well plates at a density of 2 x 103 cells/well for 24 h, followed by the 
treatment of TBPCA (20 µM). After 24 h incubation with 20 µM of TBPCA, 10 µL 
of WST-8 solution (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt) was added to each well, and plates 
were incubated for additional 2 h at 37 °C. The absorbance of each well at 450 nm 
was measured with a reference at 630 nm using a Bio-Tek model ELx800TM 
microplate reader [Bio-Tek Instruments, Inc., Winooski, VT, USA]. The percentage 
of cell viability was calculated by following formula: % cell viability = (mean 
absorbance in test wells) / (mean absorbance in control well) x 100. Each experiment 
was performed in triplicate experiments. Following data are the original cell viability 
assay. 
                          
Figure S10. Comparison of the cell viability of TBPCA (20 µM) and control by CCK 
assay in human epithelial lung (A549) cell after 24 h at 37 °C. 
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Figure S11. Comparison of the cell viability of TBPCA (20 µM) and control in the 
presence of 50mM NaF by CCK assay in human epithelial lung (A549) cell after 5 h 






Figure S12. The standard curve (blue diamond) for the identification of fluoride 
anions in cytoplasm per cell (red square) under the physiological condition after the 
treatment of 50 mM NaF for 3 h. 
 
 
Quantification of Fluoride Ions in Cells : A549 cells were cultured into 6-well plates 
at a density of 1 x 106 cells/well for 24 h. After 3 h incubation of the cells with NaF 
(50 mM) under the physiological conditions, the cells were harvested and thoroughly 
washed. At this stage, cell number was counted (2 x 106 cells). The harvested cells 
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were sonicated and centrifuged for the preparation of cell lysates in PBS buffer. The 
resulting supernatant in 500 µl PBS was treated with TBPCA (2 µM) for 4 h at 25 °C 
to quantify the fluoride ions in the cell lysates; the quantification was performed on 
the basis of the fluorescence intensity and a standard curve prepared with NaF-doped 
cell lysates. Fluorescent intensity was measured by Cary Eclipse Fluorescence 
spectrophotometer (Varian Assoc., Palo Alto, USA). A standard curve is obtained 
from raw data. Quantification of F− ions in cellular cytoplasm per single cell was 




Ab initio Calculation: Theoretical calculation was carried out to compare covalent 
bond character of siliconoxygen bond in TBMCA and TBPCA. The geometry of 
each product is optimized by the Materials Studio 4.2® program. Electrostatic 
potential (ESP) charge was calculated for each atom by population analysis. 
Conductor-like screening model (COSMO) solvation procedure was adopted to 
generate two different solvent systems (water and n-hexane). The distance between 
oxygen 13 and silicon 14 was measured from resulted 3D coordinate of the optimized 
structures. All calculation was performed by the density functional theory at DND 
level. A generalized gradient approximation (GAA) for the exchange correlation 
function of Perdew, Burke, and Ernzerhof (PBE) was used with the double-numerical 
plus d-functions (DND) as implemented in DMol3. The resulting outcomes are 
summarized in Table S1. The variation of charge difference and bond length is larger 
in TBMCA than in the case of TBPCA. The silicon-oxygen bond on TBMCA is 
more flexible in different solvent system. We finally conclude that the covalent bond 
character of silicon-oxygen bond is stronger in TBPCA than in TBMCA. 
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Table S1. Comparison of variation of Si-O charge difference and bond length of 




Calculation Input : All the ab initio calculations are performed under following 
condition, except the COSMO_Dielectric parameter, which depends on solvent 
system (water = 78.5400, n-hexane=1.8900). 
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Calculation Output : 
 
TBPCA in water 
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TBPCA in n-Hexane 
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Molecular Modeling: Atomic solvent accessible area was calculated to compare the 
steric hindrance of the phenyl and methyl group. The various conformers of each 
molecule were generated by diverse conformation generation protocol implemented in 
Discovery Studio 1.7® program. Truncated structure was used for simplification 
(Figure S13). Energetically most-stable top 10 conformers of TBPCA and TBMCA 
were selected for further calculation. Finally, the accessible area of oxygen 13 and 
silicon 14 was calculated by Naccess 2.1.1. program. Probe size (radius of the water 
molecule) and z-slice value were set as 1.40 Å and 0.05, respectively. Calculated 
result is illustrated in figure S14. 
 
	  
Figure S13. (a) Truncated structure of TBPCA, (b) Truncated structure of TBMCA 
 
Figure S14. Average values of accessible area of oxygen 13 and silicon 14 on the 
truncated TBMCA and TBPCA. 
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Scheme S1. Synthesis of TBMCA  
 
tert-butyldimethylsilyl 7-hydroxycourmarin-4-acetic acid methyl ester, TBMCA 
(1)  7-Hydroxycoumarin-4-acetic acid methyl ester (3) was synthesized in accordance 
with a known procedure.[16] To a solution of compound 3 (153 mg, 0.65 mmol) in 
DMF were added 2 equiv. of imidazole (88.5 mg, 1.30 mmol) and TBDMSCl (195 
mg, 1.30 mmol). The reaction mixture was stirred at room temperature overnight, and 
condensed under reduced pressure. The resulting residue was diluted with ethyl 
acetate, and washed with deionized water (x 3) and brine. The combined organic 
phase was dried in anhydrous Na2SO4. Silica-gel flash column chromatography 
(Hex/E.A. = 20:1 to 5:1) afforded TBMCA (202 mg, 66 % yield). 1H NMR (300 
MHz, CDCl3): δ 0.26 (s, 6H), 1.00 (s, 9H), 3.75 (s, 5H), 6.25 (s, 1H), 6.78–6.81 (m, 
2H), 7.45 (d, J = 9.39 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ -4.39, 18.26, 25.55, 
38.02, 52.71, 107.98, 113.06, 114.19, 117.43, 125.43, 147.89, 155.29, 159.49, 160.83, 
169.22; HRMS (FAB): m/z calcd for C18H24O5Si [M+H]+: 349.1471, found: 349.1472. 
	  
Scheme S2. Synthesis of TBPCA  
 
TBPCA was synthesized using a synthetic procedure for TBMCA in 57 % yield. 1H 
NMR (300 MHz, CDCl3): δ 1.13 (s, 9H), 3.68 (s, 2H), 3.71 (s, 3H), 6.19 (s, 1H), 6.71 
(s, 1H), 6.75 (d, J = 8.70 Hz, 1H), 7.31–7.46 (m, 7H), 7.72 (dd, J = 6.10 Hz, 1.45 Hz, 
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4H); 13C NMR (75 MHz, CDCl3): δ 19.46, 26.43, 37.86, 52.64, 107.93, 113.01, 
114.06, 117.17, 125.30, 128.08, 130.38, 131.70, 135.41, 147.92, 155.03, 159.21, 
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Chapter 6. Ratiometric Analysis of Zidovudine (ZDV) Incorporation 
by Reverse Transcriptases or Polymerases via Bio-orthogonal Click 
Chemistry 
 
- Chem. Commun. 2011. 7614. 
 
Introduction 
Zidovudine (ZDV), also known as azidothymidine (AZT), is approved by the 
FDA in 1987 for the treatment of acquired immunodeficiency syndrome (AIDS). It 
belongs to the class of nucleoside analog reverse transcriptase inhibitor (NRTI).[1] 
This anti-retroviral drug provided a major breakthrough in AIDS therapy and 
significantly slowed the spread of HIV.[2,3] Owing to the structural features of ZDV, 
the incorporation of ZDV into DNA leads to the premature termination of DNA 
replication.[4] Although ZDV is known as a highly selective inhibitor for viral reverse 
transcriptases over eukaryotic DNA polymerases,[5] its incorporation into a 
patient's DNA by DNA polymerases has been reported in several clinical studies. 
Incorporation of ZDV into a patient's DNA is associated with significant side effects, 
including anemia, neutropenia, hepatotoxicity, and cardiomyopathy, upon chronic, 
high-dose ZDV therapy for AIDS treatment.[6-8]  
The specific tracing of ZDV has been pursued using radioisotopes and ZDV-
specific antibodies and successfully applied with good sensitivity in molecular 
biology.[9] However, these analytical methods have their own limitations. For example, 
the radioisotope-based detection system requires extreme safety caution and special 
equipment. The immunostaining method requires expensive ZDV-
specific antibody and multiple washing steps. Herein, we report the chemotype-based 
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specificdetection of ZDV using a bio-orthogonal fluorescent small molecule probe as 
a ratiometric analysis tool for ZDV-incorporation level by various DNA synthesizing 
enzymes as well as a visualization tool of cellular ZDV-incorporated DNA . 
 
Results and Discussion 
In order to detect the ZDV-incorporation levels in DNA under various 
biological environments, we envisioned the utilization of the inherent azide moiety at 
the 3′ position on the sugar frame of ZDV for a fluorescence-based monitoring system 
(Figure 1). The Cu(I)-catalyzed alkyne –azide cycloaddition , namely Click reaction, 
is one of the practical tools used to decipher complex biological phenomena without 
any cross-interactions.[10,11] Therefore, we prepared an alkyne -containing fluorescent 
molecule as a zidovudine probe (ZP) for bio-orthogonal specific formation 
of triazole with the azide moiety at the 3′ position of ZDV. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 1. (a) Structure of ZDV-TP generated by in vivo phosphorylation of ZDV 
and zidovudine probe (ZP). (b) Schematic illustration of specific detection of ZDV-
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incorporated DNA using ZP. DNA extension is terminated by ZDV incorporation and 
the resulting ZDV-capped DNA can be selectively visualized by covalent labeling of 
an alkyne -containing fluorophore (ZP) via bio-orthogonal click chemistry.	  
 
	  
Figure 2. Primer extension assay with in-gel fluorescence imaging of ZDV-
incorporated oligonucleotides. (a) DNA template and primer used in this assay. (b) d-
PAGE analysis of resulting DNA products under abovementioned conditions. 1 equiv. 
of ZDV-TP (50 nM) was used in a primer extension assay. Click reaction: (+) means 
click reaction is performed, (−) means click reaction is not performed. α: Cy3-labeled 
ZDV-incorporated DNA product; β: terminated product due to the absence of dTTP. * 
denotes Cy5-labeled oligonucleotides . P: primer, 22-mer; SFP: synthetic full-length 
product, 53-mer; STP: synthetic terminated product, 38-mer. See the Supporting 
Infomation for a detailed experimental procedure.	  
 
With this designed ZP probe in hand, the reaction condition was optimized for 
the click reaction of ZP with ZDV under physiological conditions by varying the 
concentrations of CuSO4, ligand, and ZP in the presence of ascorbic acid. On the 
basis of reported procedures in several bioconjugation studies, we successfully 
applied tris-(benzyltriazolylmethyl) amine (TBTA) as a ligand for the stabilization of 
reactive Cu(I) species in biological systems.[12] Although complete consumption of 
ZDV was achieved with high concentrations of the CuSO4/TBTA complex (1/1 ratio, 
870 µM, 20 equiv.), this condition was associated with the formation of many 
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unidentifiable by-products in the HPLC analysis. Hence, the complete conversion of 
ZDV was achieved using a large excess amount of ZP (more than 400 equiv.) rather 
than the relatively high CuSO4/TBTA concentration (Figure S1 in the Supporting 
Information). 
For a proof-of-concept study, the bio-orthogonal detection system for ZDV 
was tested using a primer extension assay.[13] As shown in Figure 2, the 22-mer DNA 
primer was labeled with Cy5 at the 5′ end and subjected to in vitro primer extension 
using reverse transcriptase in order to monitor the ZDV incorporation into the 
extended DNA using a click-chemistry-based detection system in the denaturing urea 
polyacrylamide gel electrophoresis (d-PAGE). The DNA template was designed to 
have a single adenine site (red in Figure 2a), where its complementary partner, 
either dTTP or ZDV-TP (5′-triphosphate form of ZDV), could be incorporated into 
the growing DNA. All of the extended DNA could then be visualized in red using in-
gel fluorescence imaging of Cy5 at the 5′ end of the primer (red in Fig. 2b). In the 
absence of its ordinary building block, dTTP, the primer was terminated at the 
complementary region of the template where the adenine residue is located (lane 5), 
whereas in the presence of dTTP, a fully extended DNA was obtained (lane 4). The 
band on the top is assumed due to the bypass tendency of reverse transcriptase in the 
dTTP-deficient condition (lanes 5 and 6).[14] When the primer extension assay was 
performed with the replacement of dTTP by ZDV-TP, an early-terminated DNA was 
also observed (lane 6) due to the ZDV incorporation. Even though these data show the 
early termination of DNA extension in the presence of ZDV-TP, it is, nonetheless, 
impossible to tell whether this truncated DNA is caused by the absence of dTTP (as in 
lane 5) or by the incorporation of ZDV, given that the ZDV-
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incorporated DNA product (38-mer) is only one nucleotide longer than the simple 
termination product (37-mer). 
These two types of terminated DNA products, however, can be clearly 
differentiated through the visualization of the ZDV-incorporated DNA using our bio-
orthogonal detection system with Cy3-labeled ZP (green in Figure 2b). The positive 
charge of Cy3 dye is an advantageous characteristic of ZP for analyzing the outcomes 
of the in-gel imaging experiments as it induces a band-shift of the ZDV-
incorporated DNA, which enables us to quantify the efficiency of ZDV incorporation. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 3. Quantitative measurement of ZDV-incorporation efficiency for direct 
comparison of DNA-synthesizing enzymes. (a) d-PAGE analysis of primer extension 
products using two different reverse transcriptases (HIV-RT, M-MLV-RT) or aDNA 
polymerase (Taq polymerase) and the subsequent click reaction with ZP. (b) The 
quantification data of in-gel fluorescence imaging for ZDV incorporation. Open circle: 
HIV-RT; open rectangle: M-MLV-RT; closed triangle: Taq polymerase. The template 
and primer used in this reaction are identical to those in Figure 2a. α: Cy3-labeled 
terminated product; β: Terminated product due to the absence of dTTP. * denotes 
Cy5-labeled oligonucleotides . P: primer. 
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When the click-based labeling of ZP was executed on the identical reaction 
products of the primer extension assay, the ZDV-containing DNA was visualized in 
green (lane 9) with excellent specificity. In addition, we observed a shifted band (α) 
of the ZDV-incorporated DNA product via a covalent installment of the cationic Cy3 
dye, which was not observed in the simple termination product (lane 8). The shifted 
band (α) observed in the Cy5 channel is clearly merged with the Cy3 signal (lane 9). 
In contrast, the termination product we observed in the presence of dTTP was only the 
ZDV-incorporated product which was clearly visualized as an α band without a β 
band (Figure S2 in the Supporting Information). Based on this interesting observation, 
we were able to measure the incorporation efficiency of ZDV into the DNA sequence 
by comparing the fluorescence intensity of the shifted band (α) to that of the unshifted 
band (β). 
The in-gel fluorescence imaging method presented herein allows the 
ratiometric analysis of ZDV incorporation levels in different kinds of DNA-
synthesizing enzymes. In order to directly compare the ZDV incorporation efficiency, 
the primer extension assay was performed with two viral reverse transcriptases (HIV-
RT, human immunodeficiency virus reverse transcriptase ; M-MLV-RT, moloney 
murine leukemia virus reverse transcriptase) and Taq polymerase using various 
concentrations of ZDV-TP under dTTP-deficient conditions and the subsequent Click 
reaction with ZP. Based on the in-gel fluorescence analysis of the 
resulting DNA products, it was found that the incorporation level of ZDV was 
increased in a dose-dependent manner by two different reverse transcriptases and Taq 
polymerase. Both reverse transcriptases exhibit a significantly higher ZDV 
incorporation than Taq polymerase (Figure 3a). Particularly, M-MLV-RT was the 
most susceptible to ZDV-based early termination of the elongating DNA strand via a 
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ZDV incorporation of up to 100% at a ratio of five equivalents of ZDV-TP to the 
template strand. The results indicate that in the presence of one equivalent of ZDV-TP 
(Figure 3b), the pseudo building block, ZDV, was inserted into the elongating strand 
with 70% and 90% efficiency by HIV-RT and M-MLV-RT, respectively, whereas no 
incorporation was observed with Taq polymerase. 
	  
 
Figure 4. Metaphase chromosomes extracted from CHO-K1 cells treated either with 
1 mM of ZDV (a, b, c) or with DMSO(d, e, f). The chromosomes were stained with 
Hoechst (a, d) or ZP (b, e) via click reaction. The yellow arrows indicate Cy3-labeled 
ZDVs that are incorporated in DNA at the end of chromosomes. Scale bar: 5 µm. 
 
Following the in-gel-based in vitro confirmation of the specific detection 
of ZDV in DNA strands, ex vivo imaging experiments were carried out in order to 
detect the ZDV incorporation in mammalian cells. To facilitate the clear observation 
of the incorporated ZDV in DNA, metaphase chromosomes were extracted from 
CHO-K1 Chinese hamster ovary cells after 4 h treatment with ZDV (1 mM) and the 
subsequent Click-based labeling of ZDV incorporated in DNA with ZP. As shown in 
Figure 4, DNA-incorporated ZDVs are particularly localized at the end 
of chromosomes (yellow arrows), which is suspected to be a telomere region in CHO-
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In summary, DNA-synthesizing enzymes may erroneously recognize ZDV-TP 
as an authentic building block and thus insert this synthetic analogue at the end of the 
elongating DNA strand and this undesired incorporation of ZDV into 
mammalian cells leads to the early termination of DNA replication , which is the 
major cause of side effects in NRTI-based AIDS treatment.[16] In order to provide the 
quantitative measurement tool for the side effect studies of ZDV therapy, we 
accomplished the bio-orthogonal tracing of ZDV-incorporated DNA in the in-
gel fluorescence imaging system as well as cellular imaging of ZDV-incorporated 
mammalian chromosomes. Our method clearly visualizes ZDV-incorporated 
oligonucleotides using Click-chemistry-based covalent incorporation of the alkyne -
containing fluorescent small-molecule probe (ZP). Most importantly, unlike other 
existing methods such as autoradiography or immunostaining, we were able to 
quantify the incorporation efficiency of ZDV by different kinds of DNA-synthesizing 
enzymes on the basis of our unique observation of band shifts induced by 
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Supporting Information 
General Information: All reactions were performed using oven-dried glassware 
under dry argon atmosphere. Dichloromethane (DCM) was dried by distillation from 
CaH2. Other solvents and organic reagents were purchased from commercial venders 
and used without further purification unless otherwise mentioned. N-
Bocethylenediamine, N,N′-dicyclohexylcarbodiimide (DCC), N,N-dimethylformamide 
(DMF), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC 
hydrochloride), N,N-diisopropylethylamine (DIPEA), and 4-pentanoic acid were 
purchased from Sigma-Aldrich, USA. Trifluoroacetic acid (TFA) was purchased from 
TCI [Tokyo chemical industry Co., Ltd., Japan]. The 1H and 13C NMR spectra were 
recorded on a Varian Inova-500 [Varian Assoc., USA], and chemical shifts were 
measured in ppm downfield from internal tetramethylsilane (TMS) standard. 
Multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), dd (doublet of doublet), td (triplet of doublet), etc. Coupling constants 
were reported in Hz. Low resolution mass spectrometry (LRMS) analysis was 
performed with Finnigan MSQ Plus Surveyer HPLC/MS system [Thermo Electron 
Corp., USA] using electron spray ionization (ESI). Reverse phase HPLC analysis was 
performed on a VPODS C-18 column (150 x 4.6 mm) at a flow rate of 1.0 mL/min for 
analytical analysis, and PRC-ODS C-18 column (250 x 20 mm) at a flow rate of 10.0 
mL/min for preparation by LC-6AD pump with SPD-10A detector equipped with 
photodiode array (PDI) [Shimadzu, Japan]. HPLC solvents consist of water [HPLC 
grade, B&J, USA] containing 0.1% TFA as eluent A and acetonitrile [HPLC grade, 
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Scheme S1. Synthesis of compound 1 
To a solution of DCC (505 mg, 2.447 mmol) in anhydrous DCM (12 mL), was added 
4-pentynoic acid (200 mg, 2.039 mmol) at 0oC and stirred for 30 min. N-Boc-
ethylenediamine (359 mg, 2.243 mmol) was added in dropwise to the reaction 
mixture. The resulting mixture was allowed to warm up to room temperature and 
stirred for 1 h. The precipitated white solid was removed by filtration and washed 
with DCM. The filtrate was concentrated in vacuo and purified with silica-gel flash 
column chromatography (1:20 = MeOH:DCM, v/v) to provide 1 (309 mg, 63% w/w). 
1H NMR (500 MHz, CD3OD) δ 3.25 (t, J = 6.0, 2H), 3.15 (t, J = 6.0, 2H), 2.46 (td, J 
= 6.8, 2.3 Hz, 2H), 2.38 (t, J = 7.0 Hz, 2H), 2.26 (t, J = 2.2 Hz, 1H), 1.43 (s, 9H); 
LRMS (ESI+) m/z calcd for C12H20N2O3 [M+H]+ 241.15, found m/z 241.08 
	  
Scheme S2. Synthesis of the ZP 
	  
To a solution of compound 1 (20 mg, 0.0832 mmol) in DCM (500 µL), was added 
TFA (500 µL) at room temperature and the resulting mixture was stirred for 1.5 h. 
DCM and TFA were removed under the reduced pressure by azeotrope with 
acetonitrile for several times. The crude mixture was diluted with DMF (600 µL) and 
added with DIPEA (21.7 µL, 0.125 mmol) followed by stirring for 10 min. Cy3 (47.5 
mg, 0.0832 mmol) and EDC hydrochloride (31.9 mg, 0.167 mmol) were added to the 
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reaction mixture and stirred at room temperature for overnight. The crude reaction 
mixture was purified with reverse phase HPLC charged with C18 column to provide 
ZP (13 mg, 28% w/w). The elution protocol for analytical HPLC is following: (1) 95% 
eluent A for 5 min, (2) a linear gradient to 5% eluent over 75 min, (3) a linear 
gradient to 0% eluent A over 5 min, (4) a constant flow with 0% eluent for 5 min. 1H 
NMR (500 MHz, CD3OD) δ 8.54 (t, J = 13.5 Hz, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.44 
(td, J = 7.7, 3.8 Hz, 2H), 7.36 (dd, J = 7.7, 2.2 Hz, 2H), 7.31 (td, J = 7.5, 4.3 Hz, 2H), 
6.44 (dd, J = 13.5, 5.5 Hz, 2H), 4.16 (t, J = 7.2 Hz, 2H), 3.68 (s, 3H), 3.26 (s, 4H), 
2.41 (td, J = 6.6, 2.2 Hz, 2H), 2.33 (t, J = 7.0 Hz, 2H), 2.28 (t, J = 7.0 Hz, 2H), 2.25 
(q, J = 2.3 Hz, 1H), 1.87–1.79 (m, 4H), 1.77 (s, 6H), 1.76 (s, 6H); 13C NMR (125 
MHz, CD3OD) δ 176.7, 176.0, 175.6, 174.3, 152.1, 144.1, 143.4, 142.2, 142.1, 130.0, 
129.9, 126.8, 126.7, 123.5, 123.4, 112.4, 112.3, 103.8, 103.7, 83.5, 70.4, 50.6, 50.6, 
44.9, 40.1, 39.9, 36.3, 36.0, 28.3, 28.1, 27.9, 23.9, 15.6; MS (ESI+) m/z calcd for 
C36H45N4O2 [M]+ 565.35, found m/z 565.48.  
	  




Figure S1. Reaction profile of ZP with ZDV via various conditions of click reaction. 
(a) Chemical equation of the click reaction between ZP and ZDV. The reaction is 
monitored by HPLC at 254 nm under each condition; (b) TBTA (87 µM), ascorbic 
acid (43 mM), ZDV (43 µM) and ZP (87 µM); (c) CuSO4 (87 µM), TBTA (87 µM), 
ascorbic acid (43 mM), ZDV (43 µM) and ZP (87 µM); (d) CuSO4 (87 µM), TBTA 
(87 µM), ascorbic acid (43 mM), ZDV (43 µM) and ZP (2.2 mM); (e) CuSO4 (870 
µM), TBTA (870 µM), ascorbic acid (43 mM), ZDV (43 µM) and ZP (87 µM). The 
numbers inside parentheses stand for the equivalent quantities of reagents to the ZDV. 
All reactions were performed for 2 h at 37°C in aqueous solution containing t-BuOH 
(2%) and DMSO (4%). Tris-(benzyltriazolylmethyl)amine (TBTA), tert-butanol (t-
BuOH) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich, USA. 
 
The reaction condition was optimized by screening various concentrations of reagents 
such as CuSO4/TBTA and ZP. The formation of the desired product, ZDV-ZP, was 
confirmed by LC/MS of the indicated peak [MS (ESI+) m/z calcd for C48H58N9O6 
[M]+ 832.45, found m/z 832.40]. Although the high concentration of CuSO4 and 
TBTA (870 µM each) provides the complete conversion of ZDV, the resulting 
mixture contains many unidentifiable by-products caused by high concentration of 
reactive Cu(I) species [Figure S1(e)], which is not desirable for bio-orthogonal 
detection of ZDV. In contrast, most of ZDV (~90%) was converted to the desired 
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adduct, ZDV-ZP, using 50 equivalent of ZP in the presence of relatively low 
concentrations of CuSO4/TBTA within 2 h [Figure S1(d)]. Therefore, we concluded 
that the bio-orthogonal detection of ZDV-incorporated DNA can be robustly achieved 
without damages on DNA and biopolymers in the presence of high excess of ZP (at 
least 400 equiv. to ZDV) with CuSO4 (87 µM), TBTA (87 µM), and ascorbic acid (43 
mM). 
 
Primer extension assay : For the primer extension reaction of HIV reverse 
transcriptase (RT) [Ambion, Inc.,USA] or M-MLV RT [Ambion, Inc.,USA], the 
reaction was performed in Tris buffer [Tris HCl (pH 8.3, 50 mM), KCl (75 mM), 
MgCl2 (3 mM), DTT (5 mM)] which contains the following in a volume of 20 µL: 
 
Template (50 nM) [Bioneer Corp., S. Korea] 
Primer (100 nM) [Bioneer Corp., S. Korea] 
HIV or M-MLV RT (20 U, unit defined by the manufacturer) 
dATP/dGTP/dCTP (1 µM each) 
ZDV-TP (described concentration) [eEnzyme®,USA]. 
 
In the case of Taq polymerase [Genenmed Inc., S. Korea, 20 U], slightly modified 
Tris buffer [Tris HCl (pH 9.1, 50 mM), (NH4)2SO4 (16 mM), MgCl2 (2.5 mM) and 
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BSA (15 µg/ml)] were used instead of abovementioned Tris buffer. The template-
primer annealing was proceeded in advance of the primer extension reaction by 
mixing the abovementioned components without reverse transcriptases or polymerase, 
followed by denaturing at 85 °C for 5 min and cooling to 55 °C for 8 min and 37 °C 
for 10 min. After the annealing step, the corresponding DNA synthesizing enzymes 
were added and the reaction vessel was incubated for 60 min at 42 °C (for HIV or M-
MLV RT) or 72 °C (for Taq polymerase). 
 
Click chemistry : To the product mixture of the primer extension reaction, CuSO4 (87 
µM), TBTA (87 µM), ascorbic acid (43 mM) and ZP (17 µM) were added in final 
volume of 23 µL solution and incubated for 2 h at 37 °C for the proof-of-concept 
experiment (Figure 2). The direct comparison experiments of ZDV incorporation 
were performed with up to 2174 µM of ZP in the presence of three different DNA 
synthesizing enzymes. 
 
Denaturing urea polyacrylamide gel electrophoresis (d-PAGE) : The resulting 
reaction mixture (2 µL) was mixed with gel-loading buffer (8 µL, containing 1x TBE 
buffer, 7 M urea, 12% v/v glycerol) and heated at 95 °C for 5 min. The samples were 
directly incubated at ice for 5 min and three microliters of samples were run by d-
PAGE (10% v/v) under 120 V and 10 A for 120 min. 
 
Fluorescence detection and quantification : The in-gel fluorescence signal was 
visualized at the Cy3 (532 nm excitation) or Cy5 (633 nm excitation) channel by 
Typhoon Trio [Amersham Bioscience, USA] and quantified by ImageQuant TL 
program [Amersham Bioscience, USA]. 
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Figure S2. ZDV incorporation efficiency of M-MLV-RT in the presence of dTTP. (a) 
d-PAGE analysis of primer extension products by increasing concentrations of ZDV-
TP without Click reaction or (b) with Click reaction. (c) The quantification data of in-
gel fluorescence click reaction with ZP. * denotes Cy5-labeled oligonucleotides. P: 
primer, 22-mer; SFP: synthetic full-length product, 53-mer; STP: synthetic terminated 
product, 38-mer. 
 
Cell incubation and chromosome spread preparation : CHO-K1 cells were cultured 
in HAM’s F12 medium [WelGENE Inc., S. Korea] supplemented with 10% v/v fetal 
bovine serum (FBS) [Gibco, USA]. CHO-K1 cells were incubated in thymidine 
deficient HAM’s F12 medium containing 10% v/v dialyzed FBS [WelGENE Inc., S. 
Korea] for 24 h prior to the treatment of ZDV. The cells were incubated for 4 h at 37 
°C in the presence of 1 mM 3′-azido-3′-deoxythymidine (ZDV) [Sigma-Aldrich, USA] 
or DMSO and washed with Ca2+- and Mg2+-free phosphate buffered saline (PBS) 
[WelGENE Inc., S. Korea]. After washing, the cells were incubated under fresh 
medium containing 3.0 µM thymidine and 10% v/v FBS for 24 h. The chromosome 
spread was prepared by the 1 h treatment of demecolcine (1 µg/mL) [Aldrich, USA] 
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followed by the trypsinization and hypotonic treatment with 75 mM KCl solution, and 
subsequent fixation with methanol and acetic acid.[17] 
Chromosome staining : ZP (10 µM), CuSO4/TBTA (1 mM), and ascorbic acid (100 
mM) were added to the chromosome mixture after fixation for 1 h at room 
temperature in the dark. To remove the residual ZP, 1 mM of 2-azido-2-deoxy-D-
glucose [Aldrich, USA] was added to the chromosome mixture for additional 1 h at 
room temperature. This treatment provides the click reaction of remaining ZP with 2-
azido-2-deoxy-D-glucose and enhances the hydrophilicity of ZP, which allows the 
effective removal of ZP in resulting samples via washing twice with PBS. Then, 20 
µM of Hoechst solution [Molecular Probe, USA] was treated to the slide glass 
spreaded with chromosome samples for 5 min. 
 
Fluorescence Imaging : We carried out fluorescence microscopy studies with 
Olympus Inverted Microscope Model IX71 [Model: IX71-F22FL/PH], equipped for 
epi-illumination using a halogen bulb [Philips No. 7724]. Emission signal of each 
experiments were observed at two spectral settings: blue channel using a 330-385 
band pass exciter filter, a 400 nm center wavelength chromatic beam splitter, and a 
420 nm-long pass barrier filter [Olympus filter set UMWU2]; red channel using a 
510-550 band pass exciter filter, 570 nm center wavelength chromatic beam splitter, 
and a 590 nm long pass barrier filter [Olympus filter set, U-MWG2]. Emission signals 
of each experiment were detected with 12.5 M pixel recording digital color camera 
[Olympus, DP71].  
 
Chromosome imaging: blue channel, exposal time (1/2000 s) 
 
ZP imaging: red channel, exposal time (1/5 s) 
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Chapter 1. Screening of a Benzopyran-Containing Androgen 





Prostate cancer is a major cause of death in men worldwide, especially in the 
USA.[1] Key molecular targets in prostate cancer therapy are the androgen receptor 
(AR) and its endogenous ligands, such as dihydrotestosterone (DHT). The AR is a 
member of the nuclear receptor superfamily of ligand-dependent transcription factors, 
and the identification of AR antagonists is an important step in the development of 
therapeutic agents for the treatment of prostate cancer.[2-4] Currently, AR antagonists 
such as flutamide and bicalutamide are used as small-molecule antiandrogens in 
clinical settings. Although these nonsteroidal antiandrogens possess minimal side 
effects and relatively good oral bioavailability,[5,6] resistance to antiandrogen therapy 
has been reported, particularly after long-term drug treatment of prostate cancer. 
      
One proposed way by which antiandrogen resistance occurs is through AR 
mutation, causing the antiandrogens to function as agonists instead of 
antagonists.[7,8] The T877A AR mutation was identified in androgen-sensitive human 
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prostate adenocarcinoma (LNCaP) cells in which flutamide acts as an agonist.[9] In 
addition, the W741C and W741L AR mutations have been identified in a cell line and 
prostate cancer patients, respectively, with drug resistance to bicalutamide 
(Bic).[10,11] Once the patient develops hormone-refractory prostate cancer, it is very 
difficult to treat them with currently available drugs. Therefore, there is widespread 
demand for new therapeutic agents that overcome the problems associated with 
advanced prostate cancer. To date, studies have been carried out by various research 
groups: Koh's group[12] used molecular-design-based research to discover new 
antiandrogen compounds and Sawyer's group[13] recently reported the development of 
MVD3100 against hormone-refractory prostate cancer. It is worth mentioning that 
these nonsteroidal antiandrogen agents, and also PF-0998425 developed by 
Pfizer,[14] share a common substructure derived from the well-known structure of 
bicalutamide; therefore, the identification of new molecular frameworks for 
antiandrogens has long been awaited by the scientific community. 
 
Results and Discussion 
Herein, we present a novel, nonsteroidal, small-molecule AR antagonist as a 
potential agent against prostate cancer. We previously reported a method for the 
concise and diversity-oriented synthesis (DOS) of novel scaffolds embedded with 
well-known privileged substructures via various chemical transformations.[15,16] Using 
the DOS approach, we have constructed a novel collection of natural product-like 
small molecules.[17] We then generated LNCaP prostate cancer cell line stably 
expressing a luciferase reporter containing triple copies of androgen receptor-binding 
element (ARE) and used this cell line for the cell-based luciferase reporter assay. By 
carrying out a medium-throughput screening exercise with our collection of 2000 
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druglike small molecules, we identified a novel molecular framework 6 with 
antagonistic potential in competition with the endogenous agonist DHT. 
	  
Table 1. Compounds in the focused library and their antagonistic activities. 
 
[a] Relative luciferase activity induced by the treatment of individual compounds at 
10 µM in the presence of 10 nM DHT; 100  % refers the luciferase activity under the 
treatment of 10 nM DHT. [b] Not determined due to compound instability. [c] Not 
determined due to compound cytotoxicity. [d] Bicalutamide. 
 
 
Using the initial screening results, we designed a focused library containing 19 
analogues to enhance the efficacy of 6, as well as to understand the structure–activity 
relationships (see Table 1). The synthesis of the desired analogues was accomplished 
through a series of reactions: cyclization of hydroxyacetophenones 1 with 
cyclopentanone, triflation, palladium-mediated vinylation, and subsequent Diels–
Alder reaction with various maleimides provided a diastereochemically enriched 
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tetracyclic framework 5 via endo-favored cycloaddition (see Scheme 1). Interestingly, 
we obtained the desired molecular framework 6 in the form of an allylic alcohol, 
rather than an epoxide, as a single diastereomer after mCPBA treatment, probably 
because of ring distortion in the sterically crowded structure. The allylic alcohol 
moiety in scaffold 6 was shown to be essential for antagonistic activity, as other 
benzopyran-fused tetracycles, such as monoene, hydrogenated tetracycle, aromatized 
tetracycle were shown to be inactive.[15] The exact structure of this molecular 
framework was determined by NMR as well as X-ray crystallography (see Figure 1). 
	  
Scheme 1. Synthetic Scheme of the novel benzopyran-embedded molecular 
framework 6. Reagents and conditions: a) cyclopentanone, pyrrolidine, EtOH, reflux; 
b) Tf2O, DTBMP, CH2Cl2, 0  °C; c) boronic acids, Na2CO3, Pd(PPh3)4, 
EtOH/toluene/H2O, 70  °C; d) maleimide derivatives, toluene, reflux; e) mCPBA, 
DTBMP, CH2Cl2, 0  °C. 
 
After the construction of the 19-membered focused library with the novel 
molecular framework 6, we evaluated their antagonistic activities against DHT by 
using an ARE-luciferase reporter assay in LNCaP stable cell line, established by the 
transfection of ARE-luciferase/pcDNA3 (9:1) plasmid mixture using lipofectamine 
2000. ARE-luciferase-containing LNCaP cells were treated with 20 nm of DHT, as 
well as either 10 µm of test compound or bicalutamide. As shown in Table 1, 
treatment with compound 6  f can antagonize AR-dependent transcriptional activation 
by up to 15  % compared with that of fully agonized AR activity. In comparison, 
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various substituents at the R1 and R2 positions (6  a–e) did not affect the antagonistic 
efficacy of molecular framework 6. In particular, the significant reduction in efficacy 
seen for compound 6  g—a regioisomer of 6  f with the hydroxy group in the 
R1 position—demonstrates the site-specific hydrogen bonding interaction. The 
introduction of various appendages at the R3 and R4 positions (6  i–s) did not improve 
the antagonistic efficacy over that of compound 6  f in the cell-based reporter gene 
assay, and some of these modification lead to cytotoxicity in LNCaP cell lines. 
Therefore, we successfully demonstrated the structure–activity relationship of a 
nonsteroidal, small-molecule AR antagonist 6  f. 
	  
Figure 1. Novel antagonist 6  f (left), and the X-ray crystal structure of its 
representative core skeleton (6  q) (right). 
 
The antagonistic activity of 6  f in competition with DHT was further verified 
by luciferase reporter gene assay after transfection of wild-type (WT) AR in 293T 
(human embryonic kidney) cells; these cells have no endogenous AR, and therefore 
no basal levels of AR activity can be expected in this system. As shown in Figure 2, 
the full agonistic activity of WT AR was achieved by the transient co-transfection of 
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plasmids containing ARE-luciferase and WT AR in the presence of DHT. The 
antagonistic activity of compound 6  f was comparable to that of bicalutamide in 293T 
cells. 
	  
Figure 2. Antagonistic activities of compound 6  f in cell-based luciferase reporter 
assay in 293T cells co-transfected with ARE-luciferase and WT AR. RLU=relative 
light units ±SEM. 20 nM of DHT, 10 µM of bicalutamide (Bic) or compound 6  f. 
 
We then subjected the new AR antagonist, compound 6  f, to immunoblot 
analysis to monitor the androgen-dependent AR target-gene expressions in LNCaP 
cells. The expression level of prostate specific antigen (PSA), a biomarker for prostate 
cancer, was significantly retarded after treatment with both compound 6  f and 
bicalutamide (see Figure 3  a). The transcription levels of AR target genes exemplified 
byPSA, kallikrein-related peptidase 2 (KLK2), and NK3 transcription factor related 
locus 1 (NKX3.1) were diminished by the antagonist effects of compound 6  f, which 
had potency similar to that of bicalutamide (see Figure 3  b). We also demonstrated 
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diminished proliferation of prostate cancer cells using a BrdU incorporation assay and 
a cellular proliferation assay (see Figure 3  c and 3  d). Compound 6  f suppressed DHT-
induced cellular growth more effectively than bicalutamide. However, this growth 
inhibition was not associated with the cytotoxicity of compound 6  f; this was 
confirmed by measuring the enzymatic activities of caspases 3/7 and CCK in a cell 
viability assay using various cell lines (see Supporting Information). 
Compound 6  f preserves >95  % cell viability after 24 h treatment at 20 
µm concentration in HeLa human cervical cancer cell, LNCaP human prostate cancer 
cell, and NIH-3T3 mouse fibroblast normal cell. 
	  
Figure 3. Confirmation of antagonistic activity of compound 6  f by in vitro evaluation. 
a) Western blot analysis of AR-dependent gene expression in LNCaP cells 
(normalized to β-actin); b) Quantitative RT-PCR analysis of mRNA on AR-dependent 
genes, such as PSA, KLK2, and NKX3.1 in LNCaP cells; c) BrdU assay after 24 h 
ligand treatment; d) Cellular proliferation assay; 20 nM of DHT, 10 µM of 
bicalutamide (Bic) or compound 6  f. 
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Figure 4. Antagonistic activities of bicalutamide and compound 6  f in cell-based 
reporter-gene assay in 293T cells co-transfected with ARE-luciferase and WT AR (    ) 
or AR mutant plasmids (W741L,    ; T877A,    ). RLU=relative light units ±SEM. 
	  
Although we demonstrated the excellent potency of compound 6  f, comparable 
to that of bicalutamide (a leading therapeutic agent), it remained to be seen whether 
compound 6  f is effective against hormone-refractory prostate cancer. To verify this, 
293T cells were transiently transfected with either WT AR or AR mutant plasmids 
(W741L or T877A), for inducing antiandrogen resistance, along with the ARE-
luciferase reporter. As shown in Figure 4, both compound 6  f and bicalutamide 
showed antagonistic activities against WT AR. However, bicalutamide acted as an 
agonist, not an antagonist, on the bicalutamide-resistant AR mutant (W741L) even 
without DHT treatment, whereas compound 6  f retained its antagonistic activity 
toward this AR mutant. In the case of T877A AR mutant, compound 6  f effectively 
antagonized the AR activity. Surprisingly, bicalutamide had little or no antagonistic 
effects on either of the clinically relevant AR mutant cell lines. Therefore, 
compound 6  f might be suitable for use as a potential therapeutic agent in the 
treatment of hormone-refractory prostate cancer through antagonizing antiandrogen-
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resistant mutant ARs. Unfortunately, we failed to demonstrate the in vivo efficacy of 
compound 6  f, due to its poor solubility and oral bioavailability (data not shown). 
 
Conclusion 
We discovered a novel nonsteroidal AR antagonist using a cell-based reporter 
gene assay, along with our small-molecule library constructed using a diversity-
oriented synthetic pathway. From 19 synthetic analogues containing a novel 
benzopyran-fused tetracyclic core skeleton, compound 6  f was identified as having an 
excellent antagonistic activity confirmed by western blot analysis, RT-PCR, and in 
vitro cellular proliferation assay. We also demonstrated that compound 6  f is active 
against not only WT AR but also mutant AR, such as T877A or W741L 
(bicalutamide-resistant AR mutant). The poor bioavailability/water solubility of 
compound 6  f may limit its potential as a therapeutic agent; however, this new 
molecular framework might provide valuable insight for the development of 
therapeutics able to treat advanced prostate cancer. Studies into the mode-of-action 
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Supporting Information 
 
Cell Culture : LNCaP cells [ATCC, VA, USA] were cultured in Iscove's modified 
Dulbecco's media (IMDM) [Welgene, Daegu, South Korea] supplemented with 10% 
(v/v) FBS [GIBCO, Invitrogen, CA, USA] and 1 % (v/v) antibiotic-antimycotic 
solution [GIBCO, Invitrogen, CA, USA]. 293T cells [ATCC, VA, USA] were 
cultured in Dulbecco's modified Eagle’s medium (DMEM) [GIBCO, Invitrogen, CA, 
USA] supplemented with 10% (v/v) FBS and 1 % (v/v) antibiotic-antimycotic 
solution. The cells were maintained in a humidified atmosphere of 5% CO2 and 95% 
air at 37 °C, and cultured in T75 flask [Nalgene Nunc International, IN, USA]. The 
surface of T75 was coated with poly-D-lysine [Sigma, MO, USA] before cell culture. 
 
Establishment of stable cell lines : LNCaP cells were seed in 100 mm culture dish 
[Corning, MA, USA]. ARE-luciferase: pcDNA3 (9:1) plasmid mixture was 
transfected to LNCaP cells using lipofectamine 2000 [Invitrogen, CA, USA]. After 24 
h, G418 [Sigma, MO, USA] was added to the media for the selection. In the next, one 
cell originated colony selection was performed. After colony selection, ARE-
luciferase containing colony was founded by luciferase assay. 
 
High throughput screening for androgen receptor antagonist : 1 × 104 of LNCaP 
stable cells were seeded on 96-well white plate [BD falcon, MD, USA] coated with 
poly-D-lysine hydrobromide [Sigma, MO, USA] and cultured with phenol red-free 
IMDM medium supplemented with 10% charcoal:dextran stripped FBS [Gemini Bio-
Products, CA, USA] and 1% (v/v) antibiotic-antimycotic solution. After 24 h, 20 nM 
of dihydrotestosterone (DHT) [TCI, Tokyo, Japan], 10 µM of each compound (about 
2,000 compounds) and 20 µM of bicalutamide [LKT laboratories, MN, USA] were 
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treated to cells and incubate for another 24 h. The cells were washed with PBS and 
drained out the PBS using HydroflexTM [Tecan, Switzerland]. After the injection of 
50 µL of passive cell lysis buffer [Promega, WI, USA] to individual wells of 96-well 
plate, the plate was incubated for 30 min at room temperature. Finally, 50 µL of 
luciferase assay reagent solution [Promega, WI, USA] was added to each well. The 
resulting luminescence was detected by Synergy HT [BioTek, VT, USA]. 
 
Caspase 3/7 luciferase assay : Caspase 3/7 activity was measured by using Caspase-
Glo 3/7 assay kit [Promega, WI, USA]. 1 × 104 of LNCaP cells were seeded on poly-
D-lysine-treated 96-well white plate. After 24 h, 20 nM of DHT and 10 µM of each 
compounds were introduced to cells in plate and incubated for additional 24 h. 100 µL 
of caspase assay solution was added to individual wells of 96-well plate. The solution 
in the well was gently mixed for 30 seconds and incubated for additional 1 h at room 
temperature. The resulting luminescence was detected by Synergy HT. 
 
Luciferase assays : 293T cells were grown and transiently transfected using calcium 
phosphate method. For luciferase assays, 1 × 105 cells were seeded in phenol red-free 
DMEM medium [Welgene, Daegu, South Korea] supplemented with 10% 
charcoal:dextran-stripped FBS for 24 h. Cells were transfected with 500 ng of an 
ARE-luciferase reporter along with 25 ng of several AR constructs and 100 ng of a β-
galactosidase expression construct. After 24 h of transfection, cells were treated with 
20 nM DHT and 20 µM chemicals for 18 h and then luciferease activity was 
measured. Transfection efficiency was normalized using a β-galactosidase activity 
and the results were obtained from at least three independent experiments. 
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Western Blot Analysis : The samples of protein extracts were loaded and separated 
using 12% SDS-PAGE and then transferred to a PVDF membrane. The membrane 
was blocked for 30 min at room temperature using 5% skim milk / 0.1% PBST. After 
blocking, the membrane was incubated with a primary antibody by diluting in 
blocking buffer (1:1000) for 1 h. The membrane was washed in 0.1% PBST four 
times at 10-min interval. Then, the membrane was incubated with a secondary HRP 
antibody for additional 1 h. The membrane was washed in 0.1% PBST four times at 
10-min interval. After final wash, the membrane was added ECL solution for 3 min 
at RT, and captured western blot image using X-ray film. PSA antibody (SC-7638) 
was purchased from Santa Cruz Biotechnology [CA, USA]. 
 
in vitro Cytotoxicity assay : Cell viability was measured by the Cell Counting Kit 
(CCK)-8 assay [Dojindo, Japan], and the experimental procedure is based on the 
manufacturer’s manual. Cells were cultured into 96-well plates at a density of 2 × 104 
cells/well for 24 h, followed by the treatment of compound 6f in various 
concentrations. After 24 h incubation with compound 6f, 10 µL of WST-8 solution (2-
(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 
monosodium salt, [Sigma-Aldrich, MO, USA]) was added to each well, and plates 
were incubated for additional 2 h at 37 °C. The absorbance of each well at 450 nm 
was measured with a reference at 630 nm using ELx800TM microplate reader [BioTek, 
VT, USA]. The number of cell viability was calculated by following formula: (mean 
absorbance in test wells) / (mean absorbance in control wells) × 10. 
 
BrdU incorporation assay : LNCaP cells were seeded on coverslips in phenol red-free 
DMEM medium supplemented with 5% charcoal:dextran-stripped FBS for 24 h. Cells 
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were incubated in bromodeoxyuridine (BrdU) [Sigma, MO, USA], DHT, and 
chemical-containing culture media for 24 h. After fixation of cells, BrdU labeling was 
processed used by BrdU antibody, ab6326 [Abcam, UK]. The positively stained cell 
population was quantified and then expressed as percentage compared to the total 
cells. 
 
Proliferation assay : 7 × 104 LNCaP cells were seeded in 6-well plate [Corning, MA, 
USA]. After 24 h, compounds were treated to cells with DHT. Cells were detached 
after 1, 2, 3, 4, 5, and 6 days and then the cell number was counted with 
hematocytometer. 
 
Quantitative RT-PCR : Total RNA were isolated by Trizol method and then used for 
reverse transcription. Quantitative RT-PCR was performed in Applied Biosystems 
7300 [Applied Biosystems Inc., CA, USA]. Product formation was detected by 
incorporation of SYBR green [Molecular Probes, OR, USA]. 
 
The following primers were used: 
 
PSA sense 5’-CTCTCGTGGCAGGGCAGTCTG-3’ 
PSA antisense 5’-GGTCGTGGCTGGAGTCATCAC-3’ 
KLK2 sense 5’-AGCCTTCATTCTCCAGGACC-3’ 
KLK2 antisense 5’-CGTGAGAATGCCTCCAGACT-3’ 
NKX3.1 sense 5’-TGAAGGCGCAGGCTTACTG-3’ 
NKX3.1 antisense 5’-TAGGCTGCCTTCTTTTCCATGT-3’ 
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Figure S1. Caspase 3/7 activity measurement; 20 nM of DHT, 10 µM of compound 
6f or bicalutamide. 
 
	  
Figure S2. Cell viability of compound 6f measured by the Cell Counting Kit (CCK)-8 
assay in various cell lines: (A) LNCaP cell line stably expressing luciferase reporter 
containing 3X androgen receptor binding element (ARE); (B) LNCaP cell line; (C) 
cervical cancer cell line (HeLa); (D) mouse embryonic fibroblast cell line (NIH3T3). 
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General Information about Synthesis : 1H and 13C NMR spectra were recorded on a 
Varian Inova-500 [Varian Assoc., Palo Alto, USA], and chemical shifts were 
measured in ppm relative to internal tetramethylsilane (TMS) standard or specific 
solvent signal. Multiplicity was indicated as follows: s (singlet); d (doublet); t (triplet); 
q (quartet); m (multiplet); dd (doublet of doublet); dt (doublet of triplet); td (triplet of 
doublet); bs (broad singlet), etc. Coupling constants were reported in Hz. Routine 
mass analyses were performed on LC/MS system equipped with a reverse phase 
column (C-18, 50 × 2.1 mm, 5 µm) and photodiode array detector using atmospheric 
pressure chemical ionization (APCI). The HRMS analyses were conducted at the 
Mass Spectrometry Laboratory of Seoul National University by direct injection on 
JEOL JMS AX505WA spectrometer using fast atom bombardment (FAB) method. 
All reagents in this synthetic procedure were purchase from Sigma-Aldrich [MO, 
USA] and TCI [Japan]. The progress of reaction was monitored using thin-layer 
chromatography (TLC) (silica gel 60 F254 0.25 mm), and components were visualized 
by observation under UV light (254 and 365 nm) or by treating the TLC plates with 
anisaldehyde staining solution followed by heating. Silica gel 60 (0.040–0.063 mm) 
used in flash column chromatography was purchased from Merck [Germany]. All 
reactions were conducted in oven-dried glassware under dry argon atmosphere, unless 
otherwise specified. CH2Cl2 was distilled from CaH2 immediately prior to use. Other 
solvents and organic reagents were purchased from commercial venders and used 
without further purification unless otherwise mentioned. 
 
General procedure for the cyclization of hydroxyacetophenone : 
Hydroxyacetophenone 1 (1.0 equiv.) was dissolved in EtOH. Pyrrolidine (3.0 equiv.) 
and cyclopentanone (3.0 equiv.) were added in this mixture sequentially and then 
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heated to reflux for about 24 h. After the completion of reaction monitored by TLC, 
the reaction mixture was concentrated in vacuo. Evaporated residue was re-dissolved 
in ethyl acetate and washed several times with 1N HCl solution. After washing with 
brine, the combined organic layer was dried over anhydrous MgSO4, filtrated, and 
evaporated under reduced pressure. The resulting mixture was purified with silica gel 
flash column chromatography to provide desired product 2. If there was more than 
one free hydroxyl groups in benzopyran ring generated by demethylation, silyl 
protection was needed before the next reaction.[15] 
 
Compound 2a (R1 = hydro, R2 = hydro) 
 
Colorless oil (76% from hydroxyacetophenone); this compound was previously 
reported.[18] 
 
Compound 2b (R1 = fluoro, R2 = hydro) 
 
Colorless oil (37% from 4’-fluoro-2’-hydroxyacetophenone); 1H-NMR (500 MHz, 
CDCl3): δ 7.87 (dd, J = 8.5 and 6.5 Hz, 1H), 6.69 (td, J = 8.5 and 2.0 Hz, 1H), 6.61 
(dd, J = 10.0 and 2.0 Hz, 1H), 2.81 (s, 2H), 2.09–2.05 (m, 2H), 1.88–1.85 (m, 2H), 
1.74–1.63 (m, 4H). 
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Compound 2c (R1 = methoxy, R2 = hydro) 
 
Colorless crystal (58% from 2’-hydroxy-4’-methoxyacetophenone); this compound 
was previously reported.[15] 
 
Compound 2d (R1 = hydro, R2 = methoxy) 
 
Colorless crystal (72% from 2’-hydroxy-5’-methoxyacetophenone); 1H-NMR (500 
MHz, CDCl3): δ 7.30 (d, J = 3.0 Hz, 1H), 7.07 (d, J = 9.0 and 3.0 Hz, 1H), 6.85 (d, J 
= 9.0 Hz, 1H), 3.79 (s, 3H), 2.81 (s, 2H), 2.09–2.04 (m, 2H), 1.89–1.85 (m, 2H), 
1.73–1.61 (m, 4H). 
 
Compound 2e (R1 = methoxy, R2 = methoxy) 
 
Colorless crystal (81% from 2’-hydroxy-4’,5’-methoxyacetophenone); 1H-NMR (500 
MHz, CDCl3): δ 7.27 (s, 1H), 6.40 (s, 1H), 3.91 (s, 3H), 3.87 (s, 3H), 2.77 (s, 2H), 
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Compound 2f (R1 = hydroxy, R2 = hydro) 
 
Colorless crystal (91% from compound 2c); this compound was previously 
reported.[18] 
 
Compound 2g (R1 = hydro, R2 = hydroxy) 
 
Colorless crystal (93% from compound 2d); 1H-NMR (500 MHz, CD3OD): δ 7.15 (d, 
J = 3.5 Hz, 1H), 6.99 (d, J = 9.0 and 3.5 Hz, 1H), 6.80 (d, J = 9.0 Hz, 1H), 4.92 (bs, 
1H), 2.79 (s, 2H), 2.05–2.00 (m, 2H), 1.86–1.82 (m, 2H), 1.75–1.61 (m, 4H). 
 
Compound 2h (R1 = hydroxy, R2 = hydroxy) 
 
Colorless crystal (86% from compound 2e); 1H-NMR (500 MHz, CD3OD): δ 7.12 (s, 
1H), 6.28 (s, 1H), 4.96 (bs, 2H), 2.69 (s, 2H), 2.02–1.97 (m, 2H), 1.82–1.77 (m, 2H), 
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General procedure for the formation of enol-O-triflate : The compound 2 (1.0 equiv.) 
and 2,6-di-tert-butyl-4-methylpyridine (DTBMP, 1.3 equiv.) were dissolved in 
anhydrous CH2Cl2. Triflic anhydride (Tf2O, 1.2 equiv.) was added in this mixture at 
0 °C with ice-bath under N2 atmosphere. After the reaction mixture was stirred for 10 
min at the same temperature, the resulting solid was filtered off and the filtrate was 
concentrated in vacuo. Evaporated residue was re-dissolved in ethyl acetate and 
washed with sat. NaHCO3 solution and brine. The combined organic layer was dried 
over anhydrous MgSO4, filtrated, and evaporated under reduced pressure. The 
resulting mixture was purified with silica gel flash column chromatography to provide 
desired product 3. 
 
General procedure of Suzuki coupling for compound 4 : Compound 3 (1.0 equiv.), 
boronic acid derivative (1.1 equiv.), Pd(PPh3)4 (5 mol%) and Na2CO3 (3.0 equiv.) 
were suspended in solvent mixture of EtOH : toluene : H2O (1 : 1 : 0.5). The reaction 
mixture was stirred 70 °C for about 10 h. After reaction completion monitored by 
TLC, the resulting mixture was diluted with ethyl acetate and then washed with brine. 
The organic layer was dried over anhydrous MgSO4, filtrated, and evaporated under 
reduced pressure. The resulting crude product 4 was used in the next reaction without 
further purification. 
 
General procedure of Diels-Alder reaction for compound 5 : The crude diene 
compound 4 and maleimide derivative (1.1 equiv.) were dissolved in toluene. This 
reaction mixture was heated to reflux for 24 h. After reaction completion monitored 
by TLC, the reaction mixture was concentrated in vacuo. The resulting mixture was 
purified with silica gel flash column chromatography to provide desired product 5. 
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Compound 5a 
Yellowish solid (70% from enol-O-triflate); 1H-NMR 
(500 MHz, CDCl3): δ 7.52 (dd, J = 8.0 and 1.5 Hz, 1H), 
7.40 (t, J = 7.5 Hz, 2H), 7.35–7.29 (m, 3H), 7.24–7.20 (m, 
2H), 7.18–7.15 (m, 1H), 7.13–7.10 (m, 1H), 7.03–6.96 (m, 
4H), 6.20 (q, J = 2.5 Hz, 1H), 4.55–4.35 (AB q, JAB = 
14.3 Hz, 2H), 3.77 (t, J = 5.5 Hz, 1H), 3.52 (dd, J = 8.0 and 5.5 Hz, 1H), 3.44 (dd, J = 
8.0 and 6.5 Hz, 1H), 2.90–2.86 (m, 1H), 2.81 (dd, J = 5.0 and 1.5 Hz, 1H), 2.17–2.15 
(m, 1H), 2.04–1.96 (m, 2H), 1.92–1.83 (m, 2H), 1.73–1.69 (m, 1H), 1.49–1.42 (m, 
1H); 13C-NMR (125 MHz, CDCl3): δ 175.4, 175.2, 152.9, 138.8, 135.8, 133.4, 129.4, 
128.9, 128.4, 128.3, 128.2, 128.1, 127.4, 127.2, 122.8, 122.0, 121.5, 119.3, 86.9, 48.1, 
45.4, 43.2, 42.8, 42.1, 39.8, 36.1, 23.6, 23.3. 
 
Compound 5b 
Yellowish solid (62% from enol-O-triflate); 1H-NMR 
(500 MHz, CDCl3): δ 7.35–7.29 (m, 3H), 7.26–7.23 (m, 
1H), 7.20–7.19 (m, 2H), 7.06–7.02 (m, 1H), 6.96–6.91 
(m, 4H), 6.59–6.54 (m, 2H), 6.41 (q, J = 2.5 Hz, 1H), 
4.44–4.28 (AB q, JAB = 14.3 Hz, 2H), 3.67 (t, J = 5.5 Hz, 
1H), 3.44 (dd, J = 8.0 and 5.5 Hz, 1H), 3.37 (dd, J = 8.0 and 6.5 Hz, 1H), 2.77–2.73 
(m, 1H), 2.71–2.69 (m, 1H), 2.05–1.98 (m, 1H), 1.92–1.86 (m, 2H), 1.81–1.72 (m, 
2H), 1.64–1.60 (m, 1H), 1.39–1.33 (m, 1H); 13C-NMR (125 MHz, CDCl3): δ 175.4, 
175.3, 164.6, 162.6, 154.3, 154.2, 138.7, 135.9, 132.7, 129.0, 128.5, 128.4, 127.7, 
127.5, 124.2, 124.1, 121.1, 121.0, 118.4, 109.3, 109.2, 106.5, 106.3, 87.8, 48.3, 45.3, 
43.4, 43.0, 42.3, 40.1, 36.3, 23.8, 23.4. 
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Compound 5c 
Yellowish solid (75% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.38–7.33 (m, 3H), 
7.29–7.25 (m, 1H), 7.24–7.21 (m,2H), 7.10–7.07 (m, 
1H), 7.01–6.95 (m, 4H), 6.51 (dd, J = 8.5 and 2.5 
Hz, 1H), 6.45 (d, J = 2.5 Hz, 1H), 6.39 (dd, J = 4.5 
and 2.5 Hz, 1H), 4.50–4.31 (AB q, JAB = 14.5 Hz, 2H), 3.77 (s, 3H), 3.73 (t, J = 5.5 
Hz, 1H), 3.47 (dd, J = 8.0 and 5.5 Hz, 1H), 3.39 (dd, J = 8.0 and 6.0 Hz, 1H), 2.82–
2.78 (m, 1H), 2.74–2.73 (m, 1H), 2.11–2.08 (m, 1H), 2.01–1.91 (m, 2H), 1.87–1.80 
(m, 2H), 1.69–1.65 (m, 1H), 1.46–1.41 (m, 1H). 
 
Compound 5d 
Yellowish solid (71% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.38–7.35 (m, 2H), 
7.32–7.30 (m, 1H), 7.27–7.25 (m, 2H), 7.11–7.09 
(m, 1H), 7.05–7.00 (m, 4H), 6.94 (d, J = 3.0 Hz, 
1H), 6.78 (d, J = 8.5 Hz, 1H), 6.72 (dd, J = 8.5 
and 2.5 Hz, 1H), 6.49 (dd, J = 5.0 and 2.5 Hz, 1H), 4.52–4.33 (AB q, JAB = 14.5 Hz, 
2H), 3.73 (t, J = 5.5 Hz, 1H), 3.50 (dd, J = 8.5 and 5.5 Hz, 1H), 3.42 (dd, J = 8.5 and 
6.5 Hz, 1H), 2.82–2.78 (m, 1H), 2.74–2.72 (m, 1H), 2.11–2.07 (m, 1H), 1.99–1.91 (m, 
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Compound 5e 
Yellowish solid (62% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.38–7.35 (m, 2H), 
7.32–7.28 (m, 3H), 7.11–7.08 (m, 1H), 7.01–6.96 
(m, 4H), 6.83 (s, 1H), 6.46 (s, 1H), 6.30 (dd, J = 
4.5 and 2.0 Hz, 1H), 4.51–4.33 (AB q, JAB = 14.3 
Hz, 2H), 3.85 (s, 6H), 3.74 (t, J = 5.5 Hz, 1H), 3.47 (dd, J = 8.5 and 5.5 Hz, 1H), 3.43 
(dd, J = 8.0 and 6.5 Hz, 1H), 2.81–2.77 (m, 1H), 2.74–2.73 (m, 1H), 2.13–2.08 (m, 
1H), 2.03–1.91 (m, 2H), 1.88–1.80 (m, 2H), 1.70–1.64 (m, 1H), 1.46–1.40 (m, 1H). 
 
Compound 5f 
Yellowish solid (74% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.36–7.33 (m, 3H), 
7.30–7.26 (m, 1H), 7.25–7.23 (m, 2H), 7.11–7.07 
(m, 1H), 7.03–6.97 (m, 4H), 6.46 (dd, J = 8.5 and 
2.5 Hz, 1H), 6.43 (d, J = 2.5 Hz, 1H), 6.39 (dd, J 
= 4.5 and 2.5 Hz, 1H), 4.53–4.32 (AB q, JAB = 14.5 Hz, 2H), 3.71 (t, J = 5.5 Hz, 1H), 
3.48 (dd, J = 8.0 and 5.5 Hz, 1H), 3.39 (dd, J = 8.0 and 6.5 Hz, 1H), 2.82–2.78 (m, 
1H), 2.74–2.73 (m, 1H), 2.11–2.08 (m, 1H), 2.01–1.91 (m, 2H), 1.87–1.79 (m, 2H), 
1.69–1.65 (m, 1H), 1.43–1.37 (m, 1H), 0.99 (s, 9H), 0.22 (s, 6H); 13C-NMR (125 
MHz, CDCl3): δ 175.6, 175.4, 157.2, 154.1, 139.1, 136.0, 134.4, 133.4, 129.1, 128.9, 
128.6, 128.5, 128.3, 127.5, 127.3, 123.8, 119.1, 116.0, 114.4, 110.4, 87.4, 48.3, 45.4, 
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Compound 5g 
Yellowish solid (69% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.39–7.36 (m, 2H), 
7.33–7.30 (m, 1H), 7.28–7.26 (m, 2H), 7.12–7.09 
(m, 1H), 7.06–7.01 (m, 4H), 6.95 (d, J = 3.0 Hz, 
1H), 6.78 (d, J = 8.5 Hz, 1H), 6.72 (dd, J = 8.5 
and 2.5 Hz, 1H), 6.49 (dd, J = 5.0 and 2.5 Hz, 1H), 4.52–4.33 (AB q, JAB = 14.5 Hz, 
2H), 3.73 (t, J = 5.5 Hz, 1H), 3.50 (dd, J = 8.5 and 5.5 Hz, 1H), 3.42 (dd, J = 8.5 and 
6.5 Hz, 1H), 2.82–2.78 (m, 1H), 2.74–2.72 (m, 1H), 2.11–2.07 (m, 1H), 1.99–1.91 (m, 
2H), 1.86–1.77 (m, 2H), 1.68–1.64 (m, 1H), 1.42–1.35 (m, 1H), 1.00 (s, 9H), 0.20 (s, 
6H); 13C-NMR (125 MHz, CDCl3): δ 175.5, 175.3, 150.1, 147.6, 138.9, 136.0, 133.8, 
129.0, 128.4, 127.6, 127.4, 122.6, 121.7, 121.3, 119.9, 113.4, 86.8, 48.3, 45.5, 43.4, 
43.0, 42.3, 39.8, 36.3, 26.0, 23.8, 23.5, 18.4, -4.12, -4.15. 
 
Compound 5h 
Yellowish solid (71% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.36–7.33 (m, 2H), 
7.28 (t, J = 7.5 Hz, 1H), 7.25–7.23 (m, 2H), 7.10–
7.08 (m, 1H), 7.04–6.99 (m, 4H), 6.86 (d, J = 1.0 
Hz, 1H), 6.42 (d, J = 1.0 Hz, 1H), 6.25 (dd, J = 4.5 
and 2.0 Hz, 1H), 4.53–4.31 (AB q, JAB = 14.2 Hz, 2H), 3.69 (t, J = 5.5 Hz, 1H), 3.45 
(dd, J = 8.5 and 5.5 Hz, 1H), 3.36 (dd, J = 8.0 and 6.5 Hz, 1H), 2.79–2.75 (m, 1H), 
2.69–2.68 (m, 1H), 2.09–2.07 (m, 1H), 1.99–1.88 (m, 2H), 1.84–1.76 (m, 2H), 1.67–
1.63 (m, 1H), 1.39–1.32 (m, 1H), 0.98 (s, 9H), 0.97 (s, 9H), 0.22 (s, 3H), 0.20 (s, 3H), 
0.18 (s, 3H), 0.16 (s, 3H) 
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Compound 5i 
Yellowish solid (62% from enol-O-triflate); 1H-NMR 
(500 MHz, CDCl3): δ 7.67 (bs, 1H), 7.40–7.35 (m, 
5H), 7.32–7.29 (m, 1H), 6.54 (dd, J = 4.5 and 2.5 Hz, 
1H), 6.44 (dd, J = 6.5 and 2.0 Hz, 1H), 6.43 (s, 1H), 
3.73 (t, J = 5.5 Hz, 1H), 3.54 (dd, J = 8.5 and 5.5 Hz, 
1H), 3.44 (dd, J = 8.5 and 7.0 Hz, 1H), 2.73–2.69 (m, 2H), 2.11–2.07 (m, 1H), 2.00–
1.90 (m, 2H), 1.87–1.79 (m, 2H), 1.69–1.66 (m, 1H), 1.43–1.37 (m, 1H), 0.97 (s, 9H), 
0.20 (s, 3H), 0.19 (s, 3H). 
 
Compound 5j 
Yellowish solid (69% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.43–7.32 (m, 6H), 
6.51 (dd, J = 4.5 and 2.5 Hz, 1H), 6.45–6.43 (m, 
2H), 3.75 (t, J = 5.5 Hz, 1H), 3.50 (dd, J = 8.0 and 
5.5 Hz, 1H), 3.43 (dd, J = 8.0 and 7.0 Hz, 1H), 
2.82–2.76 (m, 2H), 2.75 (s, 3H), 2.14–2.09 (m, 1H), 2.00–1.94 (m, 2H), 1.86–1.79 (m, 
2H), 1.78–1.67 (m, 1H), 1.45–1.39 (m, 1H), 0.97 (s, 9H), 0.21 (s, 3H), 0.20 (s, 3H). 
 
Compound 5k 
Yellowish solid (83% from enol-O-triflate); 
1H-NMR (500 MHz, CDCl3): δ 7.47 (d, J = 
8.0 Hz, 2H), 7.43–7.41 (m, 1H), 7.38 (d, J = 
8.0 Hz, 2H), 7.36–7.30 (m, 2H), 7.23–7.20 (m, 
2H), 6.86 (s, 1H), 6.85–6.83 (m, 1H), 6.66 (dd, 
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J = 5.0 and 2.5 Hz, 1H), 6.46 (s, 1H), 6.46–6.44 (m, 1H), 3.85 (t, J = 4.5 Hz, 1H), 
3.64 (t, J = 2.5 Hz, 1H), 2.89–2.86 (m, 2H), 2.08–1.99 (m, 3H), 1.87–1.80 (m, 2H), 
1.70–1.69 (m, 1H), 1.55–1.48 (m, 1H), 0.98 (s, 9H), 0.21 (s, 3H), 0.20 (s, 3H). 
 
Compound 5l 
Yellowish solid (56% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.42–7.37 (m, 5H), 
7.35–7.32 (m, 1H), 6.52 (dd, J = 4.5 and 2.5 Hz, 
1H), 6.46 (dd, J = 8.0 and 2.5 Hz, 1H), 6.44 (d, 
J = 2.5 Hz, 1H), 3.80–3.79 (m, 1H), 3.79 (s, 3H), 
3.59 (dd, J = 8.5 and 5.0 Hz, 1H), 3.50 (dd, J = 8.5 and 7.0 Hz, 1H), 2.79–2.78 (m, 
1H), 2.71–2.67 (m, 1H), 2.11–2.09 (m, 1H), 2.02–1.91 (m, 2H), 1.89–1.81 (m, 2H), 
1.72–1.68 (m, 1H), 1.48–1.41 (m, 1H), 0.99 (s, 9H), 0.21 (s, 3H), 0.20 (s, 3H). 
 
Compound 5m 
Yellowish solid (78% from enol-O-triflate); 
1H-NMR (500 MHz, CDCl3): δ 7.82 (dd, J 
= 8.5 and 1.0 Hz, 2H), 7.46–7.39 (m, 5H), 
7.34–7.31 (m, 1H), 7.02 (dd, J = 8.5 and 
1.0 Hz, 2H), 6.65–6.64 (m, 1H), 6.47–6.45 
(m, 2H), 3.86–3.85 (m, 1H), 3.69–3.65 (m, 2H), 2.89–2.82 (m, 2H), 2.52 (d, J = 1.0 
Hz, 3H), 2.11–2.08 (m, 1H), 2.05–1.99 (m, 2H), 1.90–1.80 (m, 2H), 1.72–1.68 (m, 
1H), 1.52–1.48 (m, 1H), 0.99 (s, 9H), 0.22 (s, 3H), 0.21 (s, 3H); 13C-NMR (125 MHz, 
CDCl3): δ 197.2, 174.8, 174.7, 157.3, 154.0, 138.9, 136.5, 136.0, 134.7, 133.1, 129.4, 
129.0, 128.6, 127.5, 126.4, 125.6, 123.9, 119.5, 115.8, 114.7, 110.3, 87.5, 49.1, 45.8, 
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43.4, 42.8, 39.9, 36.1, 26.8, 25.9, 23.8, 23.6, 18.5, -4.16, -4.18. 
 
Compound 5n 
Yellowish solid (75% from enol-O-triflate); 
1H-NMR (500 MHz, CDCl3): δ 7.44–7.37 (m, 
5H), 7.32–7.29 (m, 1H), 7.06 (d, J = 8.0 Hz, 
1H), 6.90 (s, 1H), 6.66–6.64 (m, 1H), 6.63 (dd, 
J = 5.0 and 2.5 Hz, 1H), 6.46–6.44 (m, 2H), 
3.83–3.82 (m, 1H), 3.62–3.58 (m, 2H), 2.86–2.81 (m, 2H), 2.26 (s, 3H), 2.09–1.96 (m, 
3H), 1.87–1.79 (m, 2H), 1.69–1.67 (m, 1H), 1.51–1.44 (m, 1H), 0.98 (s, 9H), 0.21 (s, 
3H), 0.20 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 175.0, 174.8, 157.3, 154.0, 139.0, 
136.4, 134.5, 134.4, 133.0, 131.4, 131.0, 130.5, 129.0, 128.6, 127.4, 127.0, 126.8, 
126.7, 124.6, 123.8, 119.4, 115.8, 114.6, 110.4, 87.5, 48.9, 45.7, 43.2, 42.8, 42.7, 39.9, 
36.0, 25.9, 23.8, 23.6, 20.0, 18.5, -4.15. 
 
Compound 5o (2 Rotamers) 
 
Yellowish solid (44% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.48–7.45 (m, 3H), 
7.42–7.35 (m, 7H), 7.31–7.27 (m, 2H), 7.23–7.17 
(m, 2H), 6.92 (dd, J = 8.0 and 1.5 Hz, 1H), 6.86 
(dd, J = 7.5 and 1.0 Hz, 1H), 6.83–6.80 (m, 2H), 
6.72 (td, J = 7.5 and 1.0 Hz, 1H), 6.67 (dd, J = 5.0 and 2.5 Hz, 1H), 6.58 (dd, J = 4.5 
and 2.5 Hz, 1H), 6.47 (dd, J = 8.5 and 2.5 Hz, 1H), 6.44–6.42 (m, 3H), 6.25 (dd, J = 
7.5 and 1.5 Hz, 1H), 3.93–3.90 (m, 2H), 3.85–3.80 (m, 2H), 3.74–3.63 (m, 4H), 3.59–
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3.54 (m, 2H), 2.91–2.90 (m, 1H), 2.83–2.79 (m, 3H), 2.05–1.97 (m, 6H), 1.85–1.79 
(m, 4H), 1.71–1.67 (m, 2H), 1.56–1.52 (m, 1H), 1.43–1.40 (m, 1H), 1.23 (t, J = 7.0 
Hz, 3H), 0.98 (s, 9H), 0.97 (s, 9H), 0.90 (t, J = 7.0 Hz, 3H), 1.21 (s, 6H), 1.19 (s, 3H), 
1.18 (s, 3H). 
 
Compound 5p 
Yellowish solid (59% from enol-O-triflate); 
1H-NMR (500 MHz, CDCl3): δ 7.38–7.35 (m, 
2H), 7.33–7.30 (m, 2H), 7.26–7.24 (m, 3H), 
6.79 (s, 3H), 6.44–6.39 (m, 3H), 4.46–4.25 
(AB q, JAB = 13.5 Hz, 2H), 3.73–3.72 (m, 1H), 
3.49–3.47 (m, 1H), 3.40–3.37 (m, 1H), 2.77–2.73 (m, 2H), 2.15 (s, 3H), 2.15–2.11 (m, 
1H), 1.98–1.92 (m, 2H), 1.85–1.80 (m, 2H), 1.69–1.67 (m, 1H), 1.42–1.36 (m, 1H), 
0.98 (s, 9H), 0.22 (s, 3H), 0.21 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 175.5, 175.2, 
157.1, 154.2, 139.2, 138.0, 136.1, 133.8, 129.4, 129.1, 128.5, 127.3, 126.7, 123.8, 
118.8, 116.0, 114.3, 110.4, 87.3, 48.4, 45.1, 43.7, 43.1, 42.4, 40.1, 36.4, 25.9, 23.7, 
23.3, 21.4, 18.4, -4.17. 
 
Compound 5q 
Yellowish solid (73% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.37 (t, J = 7.5 Hz, 
2H), 7.33–7.30 (m, 2H), 7.28–7.26 (m, 2H), 
6.97–6.95 (m, 2H), 6.71–6.67 (m, 2H), 6.47 (dd, 
J = 8.5 and 2.5 Hz, 1H), 6.43 (d, J = 2.5 Hz, 1H), 
6.39 (dd, J = 4.5 and 2.5 Hz, 1H), 4.50–4.30 (AB q, JAB = 14.3 Hz, 2H), 3.74 (t, J = 
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5.5 Hz, 1H), 3.51 (dd, J = 8.0 and 5.5 Hz, 1H), 3.43 (dd, J = 8.0 and 6.5 Hz, 1H), 
2.83–2.79 (m, 1H), 2.75–2.74 (m, 1H), 2.12–2.10 (m, 1H), 2.01–1.93 (m, 2H), 1.88–
1.80 (m, 2H), 1.70–1.66 (m, 1H), 1.44–1.40 (m, 1H), 0.99 (s, 9H), 0.23 (s, 6H); 13C-
NMR (125 MHz, CDCl3): δ 175.5, 175.4, 163.2, 161.2, 157.3, 154.1, 139.0, 133.3, 
131.8, 130.1, 130.0, 129.0, 128.5, 127.4, 123.8, 119.0, 118.9, 115.8, 115.3, 115.2, 




Yellowish solid (69% from enol-O-triflate); 1H-
NMR (500 MHz, CDCl3): δ 7.41–7.38 (m, 2H), 
7.33–7.28 (m, 4H), 7.00 (dd, J = 5.0 and 1.0 Hz, 
1H), 6.79–6.78 (m, 1H), 6.70 (dd, J = 4.5 and 
3.5 Hz, 1H), 6.43 (s, 1H), 6.43–6.39 (m, 2H), 
4.63–4.54 (AB q, JAB = 14.5 Hz, 2H), 3.73 (t, J = 5.5 Hz, 1H), 3.48 (dd, J = 8.0 and 
5.0 Hz, 1H), 3.40 (dd, J = 8.0 and 6.5 Hz, 1H), 2.82–2.78 (m, 1H), 2.74–2.73 (m, 1H), 
2.13–2.11 (m, 1H), 2.00–1.91 (m, 2H), 1.88–1.80 (m, 2H), 1.70–1.66 (m, 1H), 1.43–
1.39 (m, 1H), 0.99 (s, 9H), 0.23 (s, 3H), 0.22 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 
175.1, 174.9, 157.1, 154.1, 139.1, 137.6, 133.4, 129.1, 128.5, 127.6, 127.4, 126.6, 
125.6, 123.9, 123.8, 118.9, 115.9, 114.3, 110.3, 87.3, 48.3, 45.3, 43.4, 42.9, 40.0, 36.5, 
36.3, 25.9, 23.7, 23.4, 18.4, -4.13, -4.16. 
 
Compound 5s 
Yellowish solid (59% from enol-O-triflate); 1H-NMR (500 MHz, CDCl3): δ 7.24 (d, J 
= 8.5 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.96 (t, J = 7.5 Hz, 2H), 6.93–6.92 (m, 2H), 
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6.43 (dd, J = 8.5 and 2.5 Hz, 1H), 6.38 (d, J 
= 2.5 Hz, 1H), 6.07–6.04 (m, 1H), 4.60–4.40 
(AB q, JAB = 14.3 Hz, 2H), 3.41 (dd, J = 8.5 
and 5.5 Hz, 1H), 3.19 (t, J = 7.0 Hz, 1H), 
2.96–2.91 (m, 1H), 2.81–2.77 (m, 1H), 2.53 
(d, J = 4.5 Hz, 1H), 2.22–2.18 (m, 1H), 2.09–2.04 (m, 1H), 1.95–1.87 (m, 2H), 1.84–
1.75 (m, 2H), 1.66–1.62 (m, 1H), 1.36–1.304 (m, 1H), 0.97 (s, 9H), 0.20 (s, 6H); 13C-
NMR (125 MHz, CDCl3): δ 179.2, 176.4, 156.9, 153.9, 135.7, 133.6, 128.9, 128.5, 
127.8, 127.4, 123.6, 116.5, 116.2, 114.3, 110.3, 87.5, 44.8, 42.7, 42.5, 42.1, 39.7, 36.2, 
25.9, 25.3, 23.7, 23.3, 18.4, -4.13, -4.18. 
 
General procedure of allylic alcohol formation for compound 6 : The compound 5 
(1.0 equiv.) and DTBMP (2.0 equiv.) were dissolved in CH2Cl2. m-
Chloroperoxybenzoic acid (mCPBA, 1.5 equiv.) was added in this mixture at 0 °C 
with icebath and the reaction mixture was stirred for 1 h at the same temperature. 
After reaction completion monitored by TLC, the reaction mixture was diluted with 
ethyl acetate and washed with sat. NH4Cl solution and brine. The combined organic 
layer was dried over anhydrous MgSO4, filtrated, and evaporated under reduced 
pressure. The resulting mixture was purified with silica gel flash column 




Yellowish solid (61% from compound 5a); 1H-NMR (500 MHz, CDCl3): δ 7.36 (d, J 
= 7.5 Hz, 1H), 7.24–7.20 (m, 4H), 7.14–7.09 (m, 7H), 6.98 (t, J = 7.5 Hz, 1H), 6.95 (d, 
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J = 8.0 Hz, 1H), 5.03 (bs, 1H), 3.99–3.86 (AB q, JAB = 
14.3 Hz, 2H), 3.78 (d, J = 4.0 Hz, 1H), 3.70–3.67 (m, 
2H), 2.31–2.23 (m, 2H), 2.19–2.14 (m, 1H), 2.13–2.06 
(m, 1H), 2.00–1.83 (m, 4H); 13C-NMR (125 MHz, 
CDCl3): δ 177.2, 174.2, 153.7, 136.3, 135.5, 131.3, 130.1, 
129.0, 128.8, 128.3, 127.9, 127.8, 123.1, 121.8, 118.0, 88.9, 65.0, 46.1, 42.0, 41.8, 
41.5, 36.1, 32.5, 29.9, 23.5, 22.7; LRMS (APCI) m/z calculated for C32H28NO4 [M–H] 
–: 490.21; Found: 490.25. 
 
Compound 6b 
Yellowish solid (51% from compound 5b); 1H-NMR 
(500 MHz, DMSO-d6): δ 7.46 (dd, J = 9.5 and 6.5 Hz, 
1H), 7.19–7.14 (m, 6H), 7.00 (d, J = 7.0 Hz, 2H), 6.88 
(t, J = 3.5 Hz, 2H), 6.79–6.76 (m, 1H), 6.77 (d, J = 9.5 
Hz, 1H), 5.62 (d, J = 6.5 Hz, 1H), 4.78 (d, J = 6.0 Hz, 
1H), 4.30 (d, J = 7.5 Hz, 1H), 3.93–3.83 (AB q, JAB = 15.5 Hz, 2H), 3.65 (t, J = 7.0 
Hz, 1H), 3.54 (d, J = 6.5 Hz, 1H), 2.29–2.25 (m, 1H), 2.10–2.06 (m, 2H), 1.96–1.90 
(m, 2H), 1.82–1.70 (m, 3H); 13C-NMR (125 MHz, Acetone-d6): δ 178.3, 176.1, 165.5, 
163.5, 156.2, 156.1, 138.8, 137.4, 132.2, 130.1, 129.7, 129.3, 129.1, 128.6, 128.0, 
127.0, 126.9, 120.9, 109.2, 109.0, 105.8, 105.6, 90.9, 65.7, 48.7, 43.0, 42.6, 36.9, 33.9, 




Yellowish solid (56% from compound 5c); 1H-NMR (500 MHz, DMSO-d6): δ 7.32 (d, 
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J = 9.0, 1H), 7.18–7.13 (m, 6H), 7.02 (d, J = 7.0 Hz, 
2H), 6.87–6.86 (m, 2H), 6.52 (dd, J = 8.5 and 2.0 Hz, 
1H), 6.47 (s, 1H), 5.55 (d, J = 6.0 Hz, 1H), 4.74 (d, J 
= 5.0 Hz, 1H), 4.24 (d, J = 7.5 Hz, 1H), 3.93–3.83 
(AB q, JAB = 15.0 Hz, 2H), 3.74 (s, 3H), 3.65 (t, J = 
6.5 Hz, 1H), 3.52 (d, J = 5.5 Hz, 1H), 2.27–2.23 (m, 1H), 2.10–2.03 (m, 2H), 1.92–
1.90 (m, 2H), 1.80–1.71 (m, 3H); 13C-NMR (125 MHz, Acetone-d6): δ 178.4, 176.3, 
162.4, 156.0, 138.9, 137.5, 132.6, 130.1, 129.7, 129.3, 129.0, 128.6, 126.3, 125.9, 
117.4, 108.4, 104.0, 90.4, 65.7, 56.2, 48.8, 43.0, 42.6, 42.5, 36.9, 33.7, 24.5, 23.8; 
LRMS (APCI) m/z calculated for C33H30NO5 [M–H]– : 520.22; Found: 520.46. 
 
Compound 6d 
Yellowish solid (41% from compound 5d); 1H-NMR 
(500 MHz, DMSO-d6): δ 7.22–7.16 (m, 6H), 7.03 (d, 
J = 7.5 Hz, 2H), 6.98 (d, J = 3.0 Hz, 1H), 6.92–6.90 
(m, 2H), 6.85–6.79 (m, 3H), 5.65 (d, J = 4.5 Hz, 1H), 
4.80 (bs, 1H), 4.54 (d, J = 6.5 Hz, 1H), 3.95–3.84 (AB 
q, JAB = 15.5 Hz, 2H), 3.72 (s, 3H), 3.69–3.66 (m, 1H), 3.56 (d, J = 6.0 Hz, 1H), 
2.27–2.25 (m, 1H), 2.13–2.00 (m, 2H), 1.97–1.92 (m, 2H), 1.82–1.72 (m, 3H); 13C-
NMR (125 MHz, Acetone-d6): δ 178.4, 176.2, 155.9, 148.5, 138.9, 137.5, 132.9, 
130.2, 129.9, 129.8, 129.4, 129.1, 128.7, 124.9, 118.9, 115.9, 110.8, 89.8, 65.6, 56.6, 
48.9, 43.1, 42.9, 42.7, 37.0, 33.3, 24.5, 23.9; LRMS (APCI) m/z calculated for 
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Yellowish solid (47% from compound 5e); 1H-NMR 
(500 MHz, DMSO-d6): δ 7.21–7.14 (m, 6H), 7.03 (d, 
J = 7.5 Hz, 2H), 6.97 (s, 1H), 6.89–6.88 (m, 2H), 6.55 
(s, 1H), 4.77 (s, 1H), 4.23 (d, J = 7.5 Hz, 1H), 3.91–
3.81 (AB q, JAB = 15.0 Hz, 2H), 3.75 (s, 3H), 3.68 (s, 
3H), 3.64 (t, J = 6.5 Hz, 1H), 3.52 (d, J = 6.5 Hz, 1H), 2.26–2.20 (m, 1H), 2.17–2.13 
(m, 1H), 2.04–1.87 (m, 3H), 1.78–1.68 (m, 3H); 13C-NMR (125 MHz, DMSO-d6): δ 
178.0, 175.8, 150.5, 147.7, 143.8, 138.1, 136.2, 131.5, 129.0, 128.2, 127.9, 127.8, 
124.5, 114.9, 109.1, 109.0, 102.2, 89.0, 64.3, 56.9, 56.8, 56.4, 56.3, 49.9, 47.8, 42.0, 
41.5, 41.4, 41.3, 36.0, 32.6, 23.6, 23.0; LRMS (APCI) m/z calculated for C34H32NO6 
[M–H]– : 550.23; Found: 550.09. 
 
Compound 6f 
Yellowish solid (59% from compound 5f); 1H-NMR 
(500 MHz, DMSO-d6): δ 9.58 (s, 1H), 7.21–7.12 (m, 
7H), 7.02–7.01 (d, J = 6.5 Hz, 2H), 6.88–6.86 (m, 2H), 
6.37 (dd, J = 8.5 and 2.0 Hz, 1H), 6.28 (d, J = 2.0 Hz, 
1H), 5.50 (d, J = 6.0 Hz, 1H), 4.71 (dd, J = 6.0 and 1.5 
Hz, 1H), 4.21 (d, J = 7.5 Hz, 1H), 3.93–3.83 (AB q, JAB = 15.2 Hz, 2H), 3.67–3.64 (m, 
1H), 3.52 (dd, J = 6.5 and 1.5 Hz, 1H), 2.28–2.22 (m, 1H), 2.13–2.09 (m, 1H), 2.06–
1.99 (m, 1H), 1.96–1.87 (m, 2H), 1.81–1.68 (m, 3H); 13C-NMR (125 MHz, DMSO-
d6): δ 178.0, 175.8, 159.1, 154.5, 138.1, 136.3, 131.5, 129.0, 128.2, 127.9, 127.8, 
127.7, 125.7, 125.6, 123.8, 115.0, 109.1, 104.5, 104.4, 89.2, 64.4, 64.3, 47.8, 42.0, 
41.5, 41.3, 41.2, 35.9, 32.8, 23.6, 22.9; LRMS (APCI) m/z calculated for C32H28NO5 
[M–H]– : 506.20; Found: 506.22; HRMS (FAB) m/z calculated for C32H30NO5 
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[M+H]+ : 508.2124; found: 508.2126. 
 
Compound 6g 
Reddish solid (42% from compound 5g); 1H-NMR 
(500 MHz, DMSO-d6 / CDCl3): δ 8.81 (s, 1H), 7.16–
7.10 (m, 6H), 7.01 (d, J = 6.5 Hz, 2H), 6.89–6.88 (m, 
2H), 6.78 (d, J = 2.5 Hz, 1H), 6.67 (d, J = 8.5 Hz, 
1H), 6.59 (dd, J = 8.5 and 2.5 Hz, 1H), 5.51 (d, J = 
6.5 Hz, 1H), 4.64 (d, J = 4.5 Hz, 1H), 4.17 (d, J = 7.5 Hz, 1H), 3.93–3.83 (AB q, JAB 
= 14.7 Hz, 2H), 3.68–3.66 (m, 1H), 3.54 (d, J = 6.0 Hz, 1H), 2.25–2.22 (m, 1H), 
2.11–2.10 (m, 1H), 2.01–1.88 (m, 3H), 1.79–1.69 (m, 3H); 13C-NMR (125 MHz, 
DMSO-d6 / CDCl3): δ 177.8, 175.4, 152.1, 145.7, 137.9, 136.1, 131.5, 128.9, 128.8, 
128.4, 128.1, 128.0, 127.7, 123.7, 117.8, 116.1, 110.9, 88.4, 64.4, 47.6, 41.8, 41.6, 




Reddish solid (32% from compound 5h); 1H-NMR 
(500 MHz, DMSO-d6): δ 7.21–7.12 (m, 6H), 7.01 (d, 
J = 7.0 Hz, 2H), 6.87–6.85 (m, 2H), 6.74 (s, 1H), 
6.29 (s, 1H), 5.50 (d, J = 6.0 Hz, 1H), 4.56 (d, J = 4.0 
Hz, 1H), 4.19 (d, J = 7.5 Hz, 1H), 3.93–3.83 (AB q, 
JAB = 15.3 Hz, 2H), 3.64 (t, J = 7.0 Hz, 1H), 3.50 (d, J = 7.0 Hz, 1H), 2.22–2.18 (m, 
1H), 2.13–2.11 (m, 1H), 1.97–1.83 (m, 3H), 1.76–1.67 (m, 3H); 13C-NMR (125 MHz, 
DMSO-d6): δ 178.1, 175.8, 146.9, 146.4, 140.0, 138.1, 136.3, 131.3, 129.3, 129.0, 
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127.8, 124.3, 114.4, 111.6, 105.3, 105.2, 88.6, 64.6, 47.7, 41.9, 41.5, 41.3, 35.9, 32.1, 




Yellowish solid (39% from compound 5i); 1H-NMR (500 
MHz, DMSO-d6): δ 10.60 (s, 1H), 9.55 (s, 1H), 7.20–7.17 
(m, 4H), 7.08–7.06 (m, 2H), 6.35 (dd, J = 9.0 and 2.5 Hz, 
1H), 6.26 (d, J = 2.5 Hz, 1H), 5.41 (d, J = 6.5 Hz, 1H), 
4.68–4.67 (m, 1H), 4.05 (d, J = 7.0 Hz, 1H), 3.48–3.44 (m, 
2H), 2.30–2.25 (m, 1H), 2.08–2.00 (m, 2H), 1.95–1.84 (m, 2H), 1.81–1.67 (m, 3H); 
13C-NMR (125 MHz, Acetone-d6): δ 178.9, 177.1, 159.9, 156.0, 139.3, 132.4, 130.3, 
129.6, 128.7, 126.2, 125.4, 116.5, 109.6, 105.3, 90.2, 65.7, 48.6, 44.1, 43.3, 36.8, 33.6, 




Yellowish solid (45% from compound 5j); 1H-NMR (500 
MHz, CD3OD): δ 7.23 (d, J = 8.5 Hz, 1H), 7.20–7.16 (m, 
3H), 7.10–7.08 (m, 2H), 6.42 (dd, J = 8.5 and 2.5 Hz, 1H), 
6.34 (d, J = 2.5 Hz, 1H), 4.88 (d, J = 1.5 Hz, 1H), 3.91 (d, J 
= 7.0 Hz, 1H), 3.65–3.32 (m, 2H), 2.33–2.15 (m, 3H), 2.26 
(s, 3H), 2.00–1.97 (m, 2H), 1.88–1.80 (m, 3H); 13C-NMR (125 MHz, CD3OD): δ 
179.7, 176.7, 160.0, 155.9, 138.5, 132.1, 129.8, 129.4, 128.8, 125.7, 125.3, 116.0, 
109.6, 105.2, 90.2, 65.4, 48.8, 43.2, 42.1, 36.6, 33.4, 24.2, 23.9, 23.6; LRMS (APCI) 
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m/z calculated for C26H24NO5 [M–H]– : 430.17; Found: 430.22. 
 
Compound 6k 
Yellowish solid (55% from compound 5k); 1H-NMR 
(500 MHz, DMSO-d6): δ 9.61 (s, 1H), 7.29–7.22 (m, 
7H), 7.12 (dd, J = 8.5 and 1.5 Hz, 2H), 6.37 (dd, J = 
8.5 and 2.5 Hz, 1H), 6.35–6.33 (m, 2H), 6.29 (d, J = 
2.5 Hz, 1H), 5.54 (d, J = 6.5 Hz, 1H), 4.74 (dd, J = 
6.5 and 1.5 Hz, 1H), 4.34 (d, J = 6.5 Hz, 1H), 3.70 (dd, J = 7.5 and 6.5 Hz, 1H), 3.58 
(d, J = 6.5 Hz, 1H), 2.34–2.27 (m, 1H), 2.16–2.04 (m, 2H), 1.97–1.90 (m, 2H), 1.79–
1.66 (m, 3H); 13C-NMR (125 MHz, DMSO-d6): δ 177.0, 175.2, 159.2, 154.5, 138.5, 
132.4, 131.7, 129.5, 129.3, 129.0, 128.3, 127.5, 127.4, 125.8, 125.7, 123.7, 115.1, 
109.2, 104.5, 89.2, 64.5, 64.4, 48.1, 41.8, 41.4, 36.0, 32.9, 23.7, 23.1; LRMS (APCI) 
m/z calculated for C31H26NO5 [M–H]– : 492.19; Found: 492.21. 
 
Compound 6l 
Yellowish solid (38% from compound 5l); 1H-NMR 
(500 MHz, CD3OD): δ 7.26 (d, J = 8.5 Hz, 1H), 7.21–
7.17 (m, 3H), 7.12 (d, J = 8.0 Hz, 2H), 6.43 (d, J = 8.5 
Hz, 1H), 6.34 (s, 1H), 4.90 (s, 1H), 4.09 (d, J = 7.0 Hz, 
1H), 3.67 (s, 3H), 3.67–3.63 (m, 2H), 2.24–2.10 (m, 
3H), 2.03–1.99 (m, 2H), 1.86–1.80 (m, 3H); 13C-NMR (125 MHz, CD3OD): δ 175.2, 
172.7, 160.2, 156.0, 149.5, 137.5, 132.8, 130.0, 129.7, 129.0, 128.5, 125.9, 124.1, 
115.8, 109.7, 105.2, 90.0, 65.4, 54.6, 43.4, 42.4, 36.5, 33.6, 24.2, 23.6; LRMS (APCI) 
m/z calculated for C27H23NO7 [M–H]– : 474.16; Found: 474.16. 
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Compound 6m 
Yellowish solid (41% from compound 5m); 1H-
NMR (500 MHz, DMSO-d6): δ 9.59 (s, 1H), 
7.83 (d, J = 8.5 Hz, 2H), 7.24–7.21 (m, 4H), 
7.10 (d, J = 6.5 Hz, 2H), 6.53 (d, J = 8.5 Hz, 
2H), 6.36 (dd, J = 8.0 and 2.0 Hz, 1H), 6.28 (d, 
J = 2.5 Hz, 1H), 5.53 (d, J = 6.5 Hz, 1H), 4.74 (d, J = 6.0 Hz, 1H), 4.34 (d, J = 7.5 Hz, 
1H), 3.73–3.70 (m, 1H), 3.58 (d, J = 6.0 Hz, 1H), 2.51 (s, 3H), 2.31–2.67 (m, 1H), 
2.13–2.03 (m, 2H), 1.96–1.91 (m, 2H), 1.76–1.67 (m, 3H); 13C-NMR (125 MHz, 
DMSO-d6): δ 197.9, 176.8, 174.8, 159.2, 154.5, 138.3, 136.9, 136.3, 131.8, 129.3, 
129.1, 128.4, 127.3, 125.8, 123.4, 115.0, 109.2, 109.1, 104.5, 89.2, 64.5, 64.4, 48.1, 
41.9, 41.5, 41.2, 41.1, 36.0, 33.0, 27.5, 27.4, 23.7, 23.1; LRMS (APCI) m/z calculated 
for C33H28NO6 [M–H]– : 534.20; Found: 534.25. 
 
Compound 6n 
Yellowish solid (52% from compound 5n); 1H-
NMR (500 MHz, DMSO-d6): δ 9.60 (s, 1H), 
7.28–7.22 (m, 5H), 7.11 (d, J = 8.0 Hz, 2H), 6.36 
(dd, J = 6.0 and 2.5 Hz, 1H), 6.34 (dd, J = 8.0 and 
2.0 Hz, 1H), 6.29 (d, J = 2.5 Hz, 1H), 6.21 (d, J = 
2.0 Hz, 1H), 5.53 (d, J = 6.0 Hz, 1H), 4.74 (d, J = 4.5 Hz, 1H), 4.30 (d, J = 7.5 Hz, 
1H), 3.72–3.69 (m, 1H), 3.57 (d, J = 6.5 Hz, 1H), 2.29–2.26 (m, 1H), 2.28 (s, 3H), 
2.13–2.06 (m, 2H), 1.93–1.92 (m, 2H), 1.77–1.68 (m, 3H); 13C-NMR (125 MHz, 
DMSO-d6 / CDCl3): δ 176.5, 174.5, 158.9, 154.3, 138.1, 136.0, 133.2, 131.5, 131.1, 
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130.8, 129.2, 128.9, 127.9, 127.3, 127.2, 125.6, 125.3, 123.1, 114.7, 108.8, 104.2, 
88.8, 64.1, 47.9, 41.6, 41.1, 35.6, 32.6, 23.4, 22.7, 19.6; LRMS (APCI) m/z calculated 
for C32H27ClNO5 [M–H]– : 540.17; Found: 540.23. 
 
Compound 6o 
Yellowish solid (43% from compound 5o); 1H-NMR 
(500 MHz, DMSO-d6 /CDCl3): δ 9.48 (s, 1H), 7.29–
7.19 (m, 5H), 7.15 (d, J = 6.5 Hz, 2H), 6.96 (d, J = 
8.0 Hz, 1H), 6.68 (t, J = 7.5 Hz, 1H), 6.37 (dd, J = 
8.0 and 2.5 Hz, 1H), 6.29 (d, J = 2.5 Hz, 1H), 5.52–
5.48 (m, 2H), 4.77 (d, J = 6.0 Hz, 1H), 4.06 (d, J = 7.5 Hz, 1H), 4.00–3.91 (m, 2H), 
3.80–3.78 (m, 1H), 3.62 (d, J = 6.0 Hz, 1H), 2.28–2.07 (m, 3H), 1.98–1.97 (m, 2H), 
1.79–1.68 (m, 3H), 1.25–1.23 (m, 3H); 13C-NMR (125 MHz, DMSO-d6 / CDCl3): δ 
175.8, 173.6, 158.4, 153.8, 153.4, 137.6, 131.2, 129.8, 128.8, 128.3, 128.2, 127.4, 
124.8, 122.4, 120.4, 119.7, 114.2, 112.8, 108.3, 103.8, 103.7, 88.3, 63.8, 63.7, 47.4, 
41.1, 40.8, 40.7, 34.9, 32.1, 22.9, 22.2, 14.3; LRMS (APCI) m/z calculated for 
C33H30NO6 [M–H]– : 536.22; Found: 536.26. 
 
Compound 6p 
Yellowish solid (52% from compound 5p); 1H-
NMR (500 MHz, CDCl3): δ 7.12 (d, J = 9.0 Hz, 1H), 
7.09–7.03 (m, 5H), 6.78 (s, 1H), 6.75 (s, 2H), 6.39 
(d, J = 2.5 Hz, 1H), 6.36 (dd, J = 8.5 and 2.5 Hz, 
1H), 4.88 (s, 1H), 3.84–3.73 (AB q, JAB = 14.0 Hz, 2H), 3.66 (s, 1H), 3.52 (s, 1H), 
3.51 (s, 1H), 2.84 (bs, 1H), 2.26–2.19 (m, 2H), 2.21 (s, 6H), 2.14–2.07 (m, 1H), 2.04–
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1.99 (m, 1H), 1.87–1.81 (m, 4H); 13C-NMR (125 MHz, CDCl3): δ 178.0, 174.5, 157.8, 
154.9, 138.3, 136.3, 135.3, 130.9, 129.7, 128.8, 128.6, 128.2, 126.9, 124.8, 124.7, 
115.2, 109.3, 105.2, 89.5, 65.0, 46.4, 41.9, 41.6, 35.9, 32.6, 29.9, 23.4, 22.6, 21.4; 
LRMS (APCI) m/z calculated for C34H32NO5 [M–H]– : 534.24; Found: 534.22. 
 
Compound 6q 
Yellowish solid (53% from compound 5q); 1H-NMR 
(500 MHz, DMSO-d6): δ 9.58 (s, 1H), 7.18 (d, J = 8.5 
Hz, 1H), 7.15–7.09 (m, 3H), 7.00–6.96 (m, 4H), 6.91–
6.88 (m, 2H), 6.36 (dd, J = 8.5 and 2.5 Hz, 1H), 6.27 
(d, J = 2.5 Hz, 1H), 5.49 (d, J = 6.5 Hz, 1H), 4.68 (d, 
J = 4.0 Hz, 1H), 4.20 (d, J = 7.5 Hz, 1H), 3.94–3.86 (AB q, JAB = 15.3 Hz, 2H), 3.63 
(dd, J = 7.5 and 6.5 Hz, 1H), 3.50 (dd, J = 6.0 and 1.5 Hz, 1H), 2.29–2.23 (m, 1H), 
2.13–2.09 (m, 1H), 2.05–1.99 (m, 1H), 1.96–1.86 (m, 2H), 1.81–1.69 (m, 3H); 13C-
NMR (125 MHz, DMSO-d6): δ 178.0, 175.9, 162.9, 161.0, 159.1, 154.5, 138.0, 132.4, 
131.5, 130.2, 129.0, 128.2, 125.6, 123.7, 115.8, 115.6, 115.0, 109.1, 104.5, 104.4, 
89.1, 64.4, 47.8, 41.8, 41.3, 41.2, 40.9, 36.0, 32.8, 23.7, 23.0; LRMS (APCI) m/z 
calculated for C32H27FNO5 [M–H]–: 524.20; Found: 524.21. 
 
Compound 6r 
Yellowish solid (43% from compound 5r); 1H-NMR 
(500 MHz, DMSO-d6): δ 9.58 (s, 1H), 7.19 (s, 1H), 
7.32 (ds, J = 5.0 and 1.0 Hz, 1H), 7.20 (d, J = 9.0 Hz, 
1H), 7.11–7.08 (m, 3H), 6.98–6.97 (m, 2H), 6.83 (dd, 
J = 5.0 and 3.5 Hz, 1H), 6.68 (d, J = 2.5 Hz, 1H), 6.36 
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(dd, J = 8.5 and 2.5 Hz, 1H), 6.27 (d, J = 2.5 Hz, 1H), 5.48 (d, J = 6.0 Hz, 1H), 4.70 
(dd, J = 6.0 and 1.5 Hz, 1H), 4.13 (d, J = 7.5 Hz, 1H), 4.06–3.96 (AB q, JAB = 15.0 
Hz, 2H), 3.62–3.60 (m, 1H), 3.49 (dd, J = 6.0 and 1.5 Hz, 1H), 2.26–2.20 (m, 1H), 
2.13–2.09 (m, 1H), 2.06–1.99 (m, 1H), 1.96–1.86 (m, 2H), 1.82–1.70 (m, 2H). 13C-
NMR (125 MHz, DMSO-d6): δ 177.5, 175.3, 159.1, 154.5, 137.8, 137.7, 131.5, 128.9, 
128.2, 127.8, 127.3, 126.7, 126.6, 125.7, 125.6, 123.6, 115.0, 109.1, 104.5, 104.4, 
89.1, 64.3, 64.2, 47.7, 41.9, 41.3, 41.2, 36.0, 35.9, 32.8, 23.6, 22.9; LRMS (APCI) 
m/z calculated for C30H26NO5S [M–H]– : 512.16; Found: 512.17. 
 
Compound 6s 
Yellowish solid (37% from compound 5s); 1H-NMR 
(500 MHz, CDCl3): δ 7.33–7.23 (m, 5H), 7.03 (d, J = 
9.0 Hz, 1H), 6.51 (bs, 1H), 6.32 (s, 1H), 6.31 (d, J = 
9.0 Hz, 1H), 4.70 (s, 1H), 4.64–4.56 (AB q, JAB = 
14.0 Hz, 2H), 3.58 (d, J = 7.0 Hz, 1H), 3.17–3.13 (m, 1H), 2.86 (bs, 1H), 2.32–2.29 
(m, 1H), 2.24–2.17 (m, 1H), 2.02–1.94 (m, 2H), 1.91–1.82 (m, 3H), 1.76–1.73 (m, 
2H), 1.47 (td, J = 13.5 and 3.0 Hz, 1H); 13C-NMR (125 MHz, CDCl3): δ 179.5, 175.0, 
157.6, 154.7, 135.9, 130.9, 129.0, 128.8, 128.3, 124.7, 123.3, 115.2, 109.1, 105.0, 
89.4, 61.0, 42.9, 42.6, 36.6, 35.7, 33.1, 32.7, 23.3, 22.6; LRMS (APCI) m/z calculated 
for C26H24NO5 [M–H]– : 430.17; Found: 430.18. 
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Figure S3. X-ray crystal structure of compound 6q. 
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Chapter 2. Discovery and Target Identification of an 
Antiproliferative Agent in Live Cells Using Fluorescence Difference 
in Two-Dimensional Gel Electrophoresis 
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Introduction 
 
Phenotype-based screening has been recognized as a key approach to the 
discovery of novel therapeutic agents because of the recent withdrawal of marketed 
drugs developed by conventional target-based medicinal chemistry.[1a] Furthermore, 
the identification of small molecules that control nonconventional drug targets has 
become increasingly important for curing diseases that are resistant to existing drugs, 
for the development of regenerative medicines, and for the treatment of incurable 
diseases.[1b,c] Phenotype-based assays facilitate the use of efficiency-based evaluations 
for the discovery of a small-molecule modulator for unknown drug targets, which 
leads to the development of novel classes of drugs or the discovery of new drugable 
protein targets. For this approach, it is essential to identify the mode of action of 
small-molecule modulators. However, understanding their mechanism, the target 
identification process in particular, is time-consuming, difficult to implement, and 
does not provide clear results. Therefore, there is a great demand for the development 
of new and robust methods for target identification.[2] 
The conventional affinity-based pull-down method is hampered by 
nonspecific binding events owing to the large size of the probe and the use of solid 
beads. Also, the experimental buffer conditions can yield completely different 
patterns for the interactions between proteins and small molecules, which limits the 
robustness of this method.[3] Several research groups have addressed these issues by 
using photoaffinity activation and bioorthogonal transformation.[2g, 4] Photoaffinity 
groups in bioactive small molecules can generate covalent linkages to adjacent target 
proteins upon irradiation, which can be suitable for target identification under various 
experimental conditions (for example, cell lysate labeling, live cell labeling, and ex 
vivo labeling) without being affected by buffers or salt concentrations. Bioorthogonal 
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moieties allow the selective labeling of small-molecule bound target proteins for 
visualization. Despite these advantages, nonspecific labeling on various proteins, 
especially on abundant and sticky proteins, as well as on actual target proteins, has 
been a major problem for the photoaffinity-based crosslinking method.[5] Furthermore, 
the differentiation of actual binding events from nonspecific binding is essential for 
the successful application of photoaffinity groups to target identification. To address 
this limitation, we have developed a new method called fluorescence difference in 
two-dimensional gel electrophoresis (FITGE), and employed it in the target 
identification of a new antitumor agent screened from our in-house small-molecule 
library. 
 
Results and Discussion 
After identification of hit compounds from the cell-based phenotype assay and 
subsequent structure–activity relationship study, a bioactive small-molecule probe 
derived from a hit compound, and a corresponding negative probe can be prepared. 
Each probe bears a photoaffinity group and a bioorthogonal acetylene moiety to 
attach to and visualize binding events. As shown in Figure 1, the resulting probe and 
negative probe are separately incubated with live cells to induce specific binding 
events between proteins and small molecules. The subsequent UV irradiation of live 
cells allows the in situ generation of radical species on the photoaffinity group, which 
crosslinks the adjacent proteins with covalent bonds. After lysis of the treated cells, 
proteins labeled with probes can be visualized with fluorescent dyes using a bio- 
orthogonal click reaction.[6] Owing to the high nonspecific labeling of photoaffinity  
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Figure 1. Outline of the FITGE method for identification of the targets of bioactive 
small molecules in live cells. 
groups,[5] the side by side comparison of labeling patterns between probe-labeled and 
negative- probe-labeled proteins is a critical step in the FITGE method; however, this 
comparison is difficult and misleading because of gel-to-gel inconsistency.[7] 
Researchers in the field of proteomics have addressed this issue by running two 
different samples with two different fluorescent dyes in a single gel in a procedure 
known as difference gel electrophoresis (DIGE).[8] Inspired by the DIGE strategy, 
probe-labeled and negative-probe-labeled proteomes are crosslinked to two different 
fluorescent dyes, pooled in a single sample, and separated by two-dimensional gel 
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electrophoresis (2DGE). As probe-labeled and negative-probe-labeled proteomes are 
labeled with Cy5 and Cy3, respectively, nonspecific binding events can be ruled out 
by direct comparison of the labeling patterns of whole proteomes in 2DGE. Following 
fluorescent gel image analysis, the desired protein spots are cut out and subjected to 
mass analysis for the identification of potential target proteins. 
We also noticed that most studies in the field of target identification have been 
conducted using cell lysates, as these are more easily handled. However, the specific 
interactions between bioactive small molecules and target proteins in cell lysates can 
differ from those in live cells as a result of the extremely high concentration of 
proteins inside live cells, as well as the nonspecific attractive and repulsive 
interactions that occur in live cells with many macromolecules, including proteins, 
nucleotides, lipids, and metabolites.[9] Chang and co-workers reported the 
environment-dependent covalent labeling of an organic fluorophore to target proteins, 
but they did not focus on the functional modulation of target proteins.[10] Yao and co-
workers successfully demonstrated the in vitro and in cell target identification of 
known bioactive small molecules.[11] Herein, we report the target identification of a 
novel bioactive small molecule discovered by phenotype-based screening using the 
FITGE method along with a systematic comparison of live cells with cell lysates. In 
particular, we aimed to demonstrate the importance of efficient high-resolution 
differentiation between specific and nonspecific binding. 
We initiated probe design on the basis of an anticancer agent, which was 
identified using a cell-based proliferation assay against our 3000 member library of 
small molecules, constructed by privileged-substructure-based diversity-oriented 
synthesis (pDOS). The pDOS synthetic strategy employs the divergent recombination 
	  
	   200	  
of polyheterocycles embedded with privileged substructures to maximize the 
molecular diversity of the drug-like small-molecule library.[12] 
	  
Figure 2. Biological activity of antiproliferative agents discovered by a pDOS 
chemical library screen. a) IC50(± standard deviation) values of 1 in HeLa, U266, 
A549, and MCF7 cell lines. Each cell line was treated with 1 in various 
concentrations for 72 h. Cell cytotoxicity was measured with WST-1. b) Chemical 
structure of hit compound 1 and derivatives 2–4, for target identification. c) Viability 
of HeLa cells after 72 h of treatment with compounds 1–4 (10 µM). 
As shown in Figure 2 a, compound 1 was antiproliferative toward HeLa 
(human cervical cancer cell line) with an IC50 of 450 nm, as well as U266 (human 
myeloma cell line), A549 (human lung cancer cell line), and MCF7 (human breast 
cancer cell line). Based on analogue activity patterns, we successfully introduced a 
long aliphatic chain at the C2 position of the benzopyran moiety and produced 
compound 2 without deterioration of biological activity (Figure 2 c). This functional 
handle was used as the starting point of probe design for FITGE-based target 
identification. The desired probe 3 was synthesized with benzophenone and acetylene 
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moieties at the C2 position of 1 to enable the temporal crosslinking of the target 
proteins upon UV irradiation and the fluorescence-based visualization of target 
proteins by a bioorthogonal click reaction, respectively. We also designed a negative 
probe 4 to eliminate nonspecific protein labeling. Prior to their application in target 
identification, the cellular activities of probe 3 and negative probe 4 were tested. As 
shown in Figure 2 c, we confirmed that probe 3 still has antiproliferative activity, but 
negative probe 4 does not; therefore, these probes possess the essential criteria for use 
in target identification. 
	  
Figure 3. Target identification and validation. a) 3 and 4 were separately covalently 
linked to proteomes from cell lysates and live cells. The labeled proteomes were 
visualized with Cy5–azide and analyzed by 1DGE. b) The labeled proteomes were 
covalently linked with biotin–azide, enriched by affinity pull-down, separated by 
1DGE, and visualized by silver staining. The arrow indicates a potential target protein. 
c) Malate dehydrogenase (MDH) refolding assay. Epolactaene tert-butyl ester (ETB) 
is a known inhibitor of MDH refolding by HSP60. 
Probe 3 and negative probe 4 were incubated separately with cell lysates and 
live cells. During incubation, UV irradiation at 365 nm was used to induce covalent 
crosslinking of probes with adjacent proteins. Proteomes from each condition were 
then modified with a Cy5–azide fluorescent label by a click reaction and analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). However, 
we did not observe any significant difference in bands based on the fluorescence 
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labeling pattern (Figure 3 a). We suspected that the amount of target proteins was too 
small to distinguish changes in bands by one-dimensional gel electrophoresis (1DGE). 
Therefore, we enriched the target proteins using a traditional pull-down method in 
conjunction with UV-induced crosslinking. Proteomes covalently linked to 3 and 4 
were labeled with a biotin–azide linker by a click reaction, after which the labeled 
proteins were enriched by an affinity pull-down method using a streptavidin bead. 
The enriched proteomes were eluted, separated by 1DGE, and visualized by silver 
staining. Interestingly, we observed different protein patterns after enrichment, and a 
single labeled protein band (Figure 3 b, indicated by an arrow) in the cell lysate 
appeared to be the target protein of antiproliferative agent 1, which was identified as 
heat shock protein 60 (HSP 60) by MS analysis. For target validation, we performed a 
malate dehydrogenase (MDH) refolding assay to measure the enzymatic activity of 
HSP60.[4a] As shown in Figure 3 c, MDH refolding by HSP60 was inhibited by 1 at 
10 mm, which is similar to epolactaene tert-butyl ester (ETB), a known HSP60 
inhibitor. However, the drastic concentration-dependent reduction of the inhibition 
activity of 1 on HSP60, even at 5 mm, suggested that HSP60 can not be a major target 
protein of 1, which exhibits excellent antiproliferative activity with a submicromolar 
IC50 value. 
Undaunted by a series of failures in target identification, we pursued the 
possibility that the analysis of the entire proteome display using 2DGE could address 
the poor resolution of 1DGE. To address the intrinsically high nonspecific labeling 
obtained when using the benzophenone moiety as a photocrosslinker, the proteomes 
labeled with probe 3 and negative probe 4 were also visualized with Cy5 and Cy3, 
respectively. To compare the images from two fluorescence channels and eliminate 
the nonspecifically labeled proteins, proteomes labeled with 3 and Cy5 or 4 and Cy3  
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Figure 4. Target identification using the FITGE method. Cy5 channel image 
(proteome labeled with 3) and Cy3 channel image (proteome labeled with 4) are 
merged into one image for analysis. a) Cell lysate proteome labeling image. b) Live 
cell proteome labeling image. 
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were subjected to a single round of 2DGE and the merged images of the Cy5 and Cy3 
channels were then analyzed. The merged image revealed three fluorescent colors, red 
and green spots from proteins preferentially labeled with probe 3 and negative probe 4, 
respectively, and yellow spots from proteins dual-labeled with 3 and 4. Surprisingly, 
we also clearly observed some red spots among a large collection of green and yellow 
spots, which we ruled out as proteins labeled nonspecifically by negative probe 4 
(Figure 4). We believe that the higher resolution obtained by 2DGE over 1DGE 
enables the discrimination of the actual target proteins from nonspecifically labeled 
proteins. 
Furthermore, the labeling pattern using the FITGE method in cell lysates was 
different from that in live cells. This finding demonstrates the importance of the 
environment during target identification. As shown in Figure 4 a, FITGE-based 
labeling under cell lysate conditions revealed a single red spot c that was selectively 
labeled by 3, but not by 4. The merged image showed the proteins dual-labeled by 3 
and 4 in yellow, such as spots a and b, which helps to deprioritize them for further 
mass analysis. Based on this labeling pattern in cell lysate, red spot c represented a 
strong target protein candidate. Subsequent mass analysis revealed that this spot was 
HSP60, which was identical to the results obtained using our previous pull-down 
enrichment. As HSP60 is not a major target protein of 1 and was confirmed to be 
inhibited by com- pound 1 only at high concentrations, we further investigated the 
FITGE method in live cells. As shown in Figure 4 b, negative probe 4 labels more 
proteins in live cells than in the cell lysate, which is probably a result of the high 
protein concentration in live cells. The number of spots labeled by probe 3 was 
similar under both conditions, but the size of individual red spots was slightly 
different. In live cells, spots e and f were preferentially labeled by 3, but not by 4. 
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Interestingly, spots d, e, and f are similar to spots a, b, and c in terms of molecular 
weight and isoelectric point (pI) value, but their labeling patterns are different; unlike 
spots a and d or spots c and f, which are consistently labeled in yellow or red, 
respectively, spots b and e were labeled in red in live cells, but labeled in yellow in 
the cell lysate. Subsequent MS analysis revealed that spot f is HSP60, but spot e is 
tubulin, which can be a potential target protein of 1. These results suggest that the 
FITGE method allows significantly simplified protein mass analysis, as compared to 
the 1D pull-down enrichment method, through sensitive detection in the labeling 
preference of active and negative probes, and thus provides a potential solution to 
overcome the current limitation of extensive nonspecific binding of photoaffinity 
probes.  
	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 5. Validation of tubulin as a target protein of 1. a) An in vitro tubulin 
polymerization assay showing dose-dependent inhibition by 1. ΔOD340nm = optical 
density difference at 340 nm b) Flow cytometry cell cycle analysis of HeLa cells 
treated with 1 (1 µM). c) Western blot analysis of the apoptotic pathway. N = 
nocodazole (10 µM), CPT = camptothecin (10 µM). The arrow indicates cleaved 
PARP. 
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Target validation was then performed using an in vitro tubulin polymerization 
assay. As shown in Figure 5 a, compound 1 inhibited tubulin polymerization in a 
dose-dependent manner and showed a similar activity to nocodazole,[13] a known 
tubulin polymerization inhibitor. Even at 100 nm, compound 1 still showed some 
inhibition of tubulin polymerization. Considering the antiproliferative activity of 1, 
this result strongly supports tubulin as the target protein of 1. As the hallmark of 
cellular response toward tubulin polymerization inhibitors is a cell-cycle arrest,[14] we 
tested whether 1 triggers cell-cycle arrest using flow cytometry. As shown in Figure 5 
b, the cell cycle of HeLa cells was arrested upon treatment with 1 at 1 mm in a time-
dependent manner, and the cell cycle completely stopped after 12 h. However, 
western blot analysis showed that neither caspase 3 nor poly(ADP– 
ribose)polymerase (PARP) were activated after 12h of treatment with 1, which is 
similar to nocodazole. Instead, a different type of anticancer agent, camptothecin (a 
DNA topoisomerase I inhibitor),[15] triggered the apoptotic pathway (Figure 5 c). We 
also confirmed the inhibition of tubulin polymerization upon treatment of 1 by cell-
based fluorescent imaging through the visualization of tubulin and its microtubules 
(Figure S1–2 in the Supporting Information). Therefore, we have concluded that 1 is a 
potent antitumor agent that functions by the inhibition of tubulin polymerization. 
 
Conclusion 
 We have developed a new target identification method, FITGE, which aims to 
observe interactions between proteins and small molecules in an intact cellular 
environment. After a series of failures using conventional target identification 
methods, we successfully identified the protein target of anti-proliferative compound 
1 with FITGE only in live cells, and observed the environment-dependent binding 
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events of a functional small molecule by direct comparison between live cells and cell 
lysates. Even though it still requires the synthesis of bioactive probes with a photo- 
crosslinker moiety, the FITGE method can address the current limitations of 
conventional target identification methods and can significantly enhance the 
possibility of target identification through the combination of the covalent capturing 
of target proteins in an intact cellular environment and the efficient exclusion of 
nonspecific protein labeling using two-color 2DGE. We believe our FITGE method 




Trypsin in-gel digestion of proteins : Excise protein spot/band and dehydrate in 
CH3CN for 10 min. Remove CH3CN and SpeedVac until dry. For mass analysis, the 
resulting gel pieces were re-swelled at 4 °C for 45 min in buffer containing trypsin 
and 50 mM NH4CO3 and incubated overnight at 37 °C for tryptic digestion. The 
samples with gel pieces were centrifuged and the supernatant was collected for mass 
analysis. The residual peptides in gel pieces were further extracted with 50% CH3CN 
containing 20 mM NH4CO3 and 5% formic acid three times at room temperature. The 
combined peptide samples were condensed down in SpeedVac until the desired 
sample concentration was reached.[16]  
 
LC-MS/MS analysis : LC-MS/MS experiments were performed essentially as 
described in the previous report.[17] In brief, we used a hybrid quadrupole-TOF LC-
MS/MS spectrometer (Q-Star Elite) [Applied Biosystems, USA] that had a 
nanoelectrospray ionization source and was fitted with a fused silica emitter tip [New 
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Objective, USA]. For each LC-MS/MS run, 1–2 µg of fractionated peptides was 
injected into the LC-MS/MS system, and the peptides were trapped and concentrated 
on an Agilent Zorbax 300SB-C18 column (300 µm i.d. x 50 mm, 5 µm, 100 Å) 
[Agilent Technologies, USA]. The peptide mixture was separated on an Agilent 
Zorbax 300SB nanoflow C18 column (75 µm i.d. x 150 mm, 3.5 µm, 100 Å) [Agilent 
Technologies, USA] at a flow rate of 300 nL/min, and eluted peptides were 
electrosprayed through a coated silica tip (ion spray voltage at 2300 eV).  
 
Mass spectrometric data analysis : ProteinPilot Software 2.0.1 (Software Revision 
Number: 67476) [Applied Biosystems, USA] was used to identify peptides and 
proteins and quantify differentially expressed proteins. To process an MS or MS/MS 
spectrum, a thorough search was performed against a NCBI or IPI database using the 
Paragon and Pro Group algorithms [Applied Biosystems, USA]. Peptides detected for 
each protein were colored in the Protein Sequence Coverage pane (Table S1).  
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Mass analysis of protein bands from affinity pull-down method : 
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The	  comparison	  of	  identified	  proteins	  from	  pull-­‐down	  method	  with	  active	  probe	  (3)	  
and	   negative	   probe	   (4)	   in	   Figure	   3(b).	   The	   highlighted	   proteins	   are	   identified	   by	  
both	  probes	  (3	  and	  4),	  which	  means	  that	  most	  of	  proteins,	  even	  target	  proteins	  (i.e.	  
tubulin	  and	  Hsp60),	  are	  nonspecifically	  bound	  to	  negative	  probe	  (4).	  Therefore,	  the	  
affinity	  pull-­‐down-­‐based	  mass	  analysis	  might	  cause	  the	  misleading	  toward	  the	  false	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Mass analysis of protein spots identified by FITGE method  
Protein spot c, e, and f from FITGE were excised from the gel for mass analysis.  
 











	   213	  














	   214	  














	   215	  
MDH refolding assay : The chaperone activity of HSP60 was determined using 
malate dehydrogenase (MDH) from porcine heart [Sigma, USA]. Denaturation of 
MDH (17.1 µM) was performed for 2 h at room temperature in 10 mM HCl. A 
mixture of HSP60 (4 µM) and HSP10 (8 µM) [Assay Designs, USA] was incubated 
for 90 min at 30 °C with or without 1 or epolactaene tert-butyl ester (ETB)[Wako, 
Japan] in reconstitution buffer (50 mM Tris, pH 7.6, 300 mM NaCl, 20 mM KCl, 20 
mM Mg(CH3COO)2 and 4 mM ATP). The MDH folding reaction was performed in 
folding assay buffer (100 mM Tris, pH 7.6, 7 mM KCl, 7 mM MgCl2, 10 mM DTT, 
and 2 mM ATP) and the final concentrations of MDH, HSP60, and HSP10 were 1.71 
µM, 1 µM, and 2 µM, respectively. After incubation for 30 min at 42 °C, the 
aggregation level of MDH was measured by the absorbance at 340 nm using Synergy 
HT [Bio-Tek, USA] as the turbidity level of MDH solution.  
 
Tubulin polymerization assay : In vitro tubulin polymerization assay was performed 
using tubulin polymerization assay kit [Cytoskelecton, USA] and followed by 
manufacturer’s manual.  
 
Cell cycle arrest analysis : Cells were treated with compounds as indicated in the 
manuscript in a time-dependent manner. Cells were harvested and prepared to cell 
suspension in buffer (PBS + 0.1% BSA). The cells were washed and resuspended 
with same buffer. 1 mL of resulting cells at 1 x 106 cell/mL were aliquoted in a 15-
mL polypropylene tube and added 3 mL of cold ethanol. Cells were fixed overnight at 
4 °C and washed with PBS. Propidium iodide (50 mg/mL) [Sigma, USA] staining 
solution was added to the resulting cells and mixed properly. RNase A [Qiagen, USA] 
was added and incubated 3 h at 4 °C. The samples were analyzed by FACSCalibur 
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[Becton Dickinson, USA].  
 
Western blot : Proteins samples were separated by SDS-PAGE and transferred to 
PVDF membrane [BioRad, USA]. Caspase-3 antibody [#9662, Cell signaling, USA], 
β-actin antibody [#4970, Cell signaling, USA] and PARP antibody [#9542, Cell 
signaling, USA] were used as primary antibodies. Anti-rabit IgG HRP-linked 
antibody [#7074, Cell signaling, USA] was used as a secondary antibody.  
 
Immunocytochemisty : Cells were treated with compounds for 12 h. Cells were fixed 
with 3.7% formaldehyde in PBS for 15 min. The cells were washed with PBS twice 
times. To the fixed cells, a solution of 0.5 % Triton X-100 in PBS was added. The 
cells were incubated at 4 °C for 15 min and washed with ice-cold PBS three times. 
The cells were incubated with 1% BSA in TBST for 60 min. α-Tubulin antibody 
[#3873, Cell signaling, USA] in TBST with 1% BSA was added to cells under 
different experimental conditions overnight at 4 °C. The cells were washed with 
TBST three times. Anti-mouse IgG FITC-linked antibody [ab6717, Abcam, UK] in 
TBST with 1% BSA was added to the cells at room temperature for 1 h. The cells 
were washed with TBST three times and observed with fluorescent microscope [IX71, 
Olympus, Japan].  
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Figure S1. Dose-dependent inhibition of 1 toward cellular tubulin polymerization 
visualized by a-tubulin antibody. As shown in DMSO condition, a-tubulin antibody 
can visualize the microtubule as fibers. Upon treatment of compound 1, the formation 
of fiber-like tubulin microtubule was dose-dependently inhibited. However, the a-
tubulin antibody can still visualize monomers or oligomers of a-tubulin, which allows 
the greenish colors in all experimental conditions.  
 
Cellular microtubule imaging : Cells were treated with compounds for 12 h. Cells 
were fixed with 3.7 % formaldehyde in PBS for 15 min. The cells were washed with 
PBS twice times. To the fixed cells, a solution of 0.5 % Triton X-100 in PBS was 
added. The cells were incubated at 4 °C for 15 min and washed with ice-cold PBS 
three times. The cells were incubated with 1% BSA in TBST for 60 min. 1 mM taxol-
oregon green 488 [Invitrogen, USA] in PBS was added to the cells at room 
temperature for 1 h. The cells were washed with PBS three times and observed with 
fluorescent microscope [IX71, Olympus, Japan].  
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Figure S2. Dose-dependent inhibition of 1 toward tubulin microtubule formation in 
live cells visualized by selective staining of microtubule with taxol-oregon green 488 
(1 mM). Unlike a-tubulin antibody, taxol-oregon green 488 can selectively visualize 
tubulin microtubule, not monomers or oligomers of tubulin. Therefore, the direct 
inhibition of microtubule formation upon treatment of compound 1 can be visualized 
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Target Identification with 1DGE Fluorescent Imaging  
 
Cell lysate labeling : HeLa cell (150φ dish x 3) was scrapped with cold Ca2+- and 
Mg2+-free phosphate buffered saline (PBS) [WelGENEc, S. Korea] and centrifuged. 
The supernatant was discarded and cell pellet was kept at —80 °C until use. RIPA 
buffer containing 50 mM Tris(pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 
protease inhibitor [Roche, Switzerland] was added to the cells for lysis. The cells 
were incubated for 15 min on ice. The cell lysate was centrifuged at 4 °C, 13000 rpm 
for 15 min. The protein concentration of supernatant was measured with BCA assay 
kit [Thermo, USA] and the protein concentration was adjusted to 1 mg/mL. The 
protein and compounds was mixed. The mixture was incubated at room temperature 
for 30 min. 365 nm UV light from BLAK-Ray (B-100AP) UV lamp [UVP, USA] was 
irradiated to the mixture for 30 min on ice. The mixture was under click chemistry 
with Cy5-azide [Lumiprobe, USA] (40 mM), tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]- amine (TBTA) [Sigma, USA] (100 mM), CuSO4 [Sigma, USA] (1 mM), 
tris(2-carboxyethyl)-phosphine (TCEP) [TCI, Japan] (1 mM) and tBuOH [Sigma, 
USA] (5%) for 1 h. 5 x Laemmli buffer was added and incubated at 95 °C for 5 min. 
The protein samples were separated by 1DGE and scanned with Typhoon Trio 
[Amersham Bioscience, USA].  
 
Live cell labeling : HeLa cells were seeded on 6-well plate. Compounds were treated 
for 3 h. 356-nm UV light was irradiated to the mixture for 30 min on ice. The cells 
were washed with PBS and kept at —80 °C until use. RIPA buffer was added to the 
cells for lysis. The cells were incubated for 15 min on ice. The cell lysate was 
scrapped and centrifuged at 4 °C, 13000 rpm for 15 min. Supernatant was taken and 
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the protein concentration was measured with BCA assay and protein concentration 
was adjusted to 1 mg/mL. The mixture was under click chemistry with Cy5-azide (40 
mM), TBTA (100 mM), CuSO4 (1 mM), TCEP (1 mM) and tBuOH (5%) for 1 h. 5 x 
Laemmli sample buffer was added and incubated at 95 °C for 5 min. The protein 
samples were separated by 1DGE and scanned with Typhoon Trio. 
  
Fluorescence detection and quantification : The in-gel fluorescence signal was 
visualized at the Cy3 (532 nm excitation) or Cy5 (633 nm excitation) channel by 
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Target Identification with Affinity Pull-down Method  
 
Cell lysate labeling : HeLa cell (150φ dish x 3) was scrapped in cold PBS and 
centrifuged. The supernatant was discarded and cell pellet was kept at —80 °C until 
use. RIPA buffer was added to the cells for lysis. The cells were incubated for 15 min 
on ice. The cell lysate was centrifuged at 4 °C, 13000 rpm for 15 min. The protein 
concentration of supernatant was measured with BCA assay and the protein 
concentration was adjusted to 1 mg/mL. The protein and compounds was mixed. The 
mixture was incubated at room temperature for 30 min. 356-nm UV light was 
irradiated to the mixture for 30 min on ice. The mixture was under click chemistry 
with Biotin-azide [Invitrogen, USA] (100 mM), TBTA (100 mM), CuSO4 (1 mM), 
TCEP (1 mM) and tBuOH (5%) for 1 h. Acetone was added to the mixture for 
precipitation and the mixture was kept at —20°C for 20 min. The mixture was 
centrifuged at 4°C, 14000 rpm for 10 min. Supernatant was discarded and the pellet 
was washed with cold acetone two times. PBS with 1.2% SDS was added to the pellet. 
The sample was sonicated and incubated at 80°C for 5 min. The protein solution was 
diluted with PBS to 0.2% SDS solution. 50 ml avidin-agarose bead [Sigma, USA] 
was added and rotated at room temperature for 3 h. The beads were washed with PBS 
(0.2% SDS) x 3, PBS x 3 and ddH2O x 3. Then, 2 x Laemmli sample buffer (50 ml) 
was added. The beads were incubated at 95 °C for 5 min. The protein samples were 
separated by SDS-PAGE and visualized with silver staining.  
 
Live cell labeling : HeLa cells were seeded on 6-well plate. Compounds were treated 
for 3 h. 356-nm UV light was irradiated to the mixture for 30 min on ice. The cells 
were washed with PBS and kept at —80 °C until use. RIPA buffer was added to the 
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cells for lysis. The cells were incubated for 15 min on ice. The cell lysate was 
scrapped and centrifuged at 4 °C, 13000 rpm for 15 min. The protein concentration of 
supernatant was measured with BCA assay and the protein concentration was adjusted 
to 1 mg/mL. The mixture was under click chemistry with biotin-azide (100 mM), 
TBTA (100 mM), CuSO4 (1 mM), TCEP (1 mM) and tBuOH (5%) for 1 h. Acetone 
was added to the mixture for precipitation and the mixture was kept at —20 °C for 20 
min. The mixture was centrifuged at 4 °C, 14000 rpm for 10 min. Supernatant was 
discarded and the pellet was washed twice with cold acetone. PBS with 1.2% SDS 
was added to the pellet. The sample was sonicated and incubated at 80 °C for 5 min. 
The protein solution was diluted with PBS to 0.2% SDS solution. 50 ml avidin-
agarose bead was added and rotated at room temperature for 3 h. The beads were 
washed with PBS (0.2% SDS) x 3, PBS x 3 and ddH2O x 3. Then, 2 x Laemmli 
sample buffer (50 ml) was added. The beads were incubated at 95 °C for 5 min. The 
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Target Identification with FITGE Strategy  
 
Cell lysate labeling : HeLa cell (150φ dish x 3) was scrapped in cold PBS and 
centrifuged. The supernatant was discarded and cell pellet was kept at —80 °C until 
use. RIPA buffer was added to the cells for lysis and incubated for 15 min on ice. The 
cell lysate was centrifuged at 4 °C, 13000 rpm for 15 min. The protein concentration 
of supernatant was measured with BCA assay and the protein concentration was 
adjusted to 1 mg/mL. The protein and probes were mixed. The mixture was incubated 
at room temperature for 30 min. Then, 356-nm UV light was irradiated to the mixture 
for 30 min on ice. The mixture was under click chemistry with Cy5-azide or Cy3-
azide [Lumiprobe, USA] (40 mM), TBTA (100 mM), CuSO4 (1 mM), TCEP (1 mM) 
and tBuOH (5%) for 1 h. Acetone was added to the resulting mixture for precipitation. 
The mixture was kept at —20 °C for 20 min and centrifuged at 4 °C, 14000 rpm for 
10 min. Supernatant was discarded and the pellet was washed twice with cold acetone. 
The pellet was resolved with rehydration buffer [7 M urea, 2 M thiourea, 2% CHAPS 
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, w/v), 40 mM DTT, 
IPG buffer (5 ml/mL) in ddH2O]. The proteomes labeled with probe 3 (labeled with 
Cy5-azide) and negative probe 4 (labeled with Cy3-azide) were mixed in equal 
quantity. The resulting proteomes were separated by 2DGE and scanned with 
Typhoon Trio.  
 
Live cell labeling : HeLa cells were seeded on 6-well plate. Compounds were treated 
for 3 h. 356-nm UV light was irradiated to the mixture for 30 min on ice. The cells 
were washed with PBS and kept at —80 °C until use. RIPA buffer was added to the 
cells for lysis and incubated for 15 min on ice. The cell lysate was scrapped and 
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centrifuged at 4 °C, 13000 rpm for 15 min. The protein concentration of supernatant 
was measured with BCA assay and the protein concentration was adjusted to 1 
mg/mL. The mixture was under click chemistry with Cy5-azide or Cy3-azide (40 
mM), TBTA (100 mM), CuSO4 (1 mM), TCEP (1 mM) and tBuOH (5%) for 1 h. 
Acetone was added to the mixture for precipitation and the mixture was kept at —20 
°C for 20 min. The mixture was centrifuged at 4 °C, 14000 rpm for 10 min. 
Supernatant was discarded and the pellet was washed twice with cold acetone. The 
pellet was resolved with rehydration buffer. The proteomes labeled with active probe 
3 (labeled with Cy5-azide) and negative probe 4 (labeled with Cy3-azide) were mixed 
in equal quantity. The resulting proteomes were separated by 2DGE and scanned with 
Typhoon Trio.  
 
2 dimensional gel electrophoresis (2DGE) : Isoelectric focusing (IEF) was performed 
with 24-cm pH 3-10 ImmobilineTM Drystrip gel [GE healthcare, USA] using Ettan 
IPGphor3 IEF system [GE healthcare, USA]. The Drystrip was loaded to 12% SDS-
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General Information for Chemical Synthesis : 1H and 13C NMR spectra were recorded 
on a Varian Inova-500 [Varian Assoc., Palo Alto, USA], and chemical shifts were 
measured in ppm relative to internal tetramethylsilane (TMS) standard or specific 
solvent signal. Multiplicity was indicated as follows: s (singlet); d (doublet); t (triplet); 
q (quartet); m (multiplet); dd (doublet of doublet); dt (doublet of triplet); td (triplet of 
doublet); bs (broad singlet), etc. Coupling constants were reported in Hz. The HRMS 
analyses were conducted at the Mass Spectrometry Laboratory of Seoul National 
University by direct injection on JEOL JMS AX505WA spectrometer using fast atom 
bombardment (FAB) method and electron spray ionization (ESI) method. All reagents 
in this synthetic procedure were purchase from Sigma-Aldrich [MO, USA] and TCI 
[Japan].  
All reagents in this synthetic procedure were purchase from Sigma-Aldrich [MO, 
USA] and TCI [Japan]. The progress of reaction was monitored using thin-layer 
chromatography (TLC) (silica gel 60 F254 0.25 mm), and components were visualized 
by observation under UV light (254 and 365 nm) or by treating the TLC plates with 
anisaldehyde staining solution followed by heating. Silica gel 60 (40–63 mm) used in 
flash column chromatography was purchased from Merck [Germany]. All reactions 
were conducted in oven-dried glassware under dry argon atmosphere, unless 
otherwise specified. CH2Cl2 was distilled from CaH2 immediately prior to use. Other 
solvents and organic reagents were purchased from commercial venders and used 
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Scheme S1. Synthetic scheme of the novel benzopyran-embedded compound 1a 
  
a Reagents and conditions: (a) acetone, pyrrolidine (2.0 equiv.), EtOH, reflux, 
overnight stirring, 75%; (b) TBDMSCl (1.2 equiv.), imidazole (1.5 equiv.), room 
temperature, 3 h, 98%; (c) trifluoromethanesulfonic anhydride (1.2 equiv.), 2,6-di-
tert-butyl-4-methylpyridine (1.4 equiv.), CH2Cl2, 0 °C, 30 min, 79%; (d) 4-chloro-2-
methylphenylboronic acid (1.1 equiv.), Pd(PPh3)4 (5 mol%), Na2CO3 (2.0 equiv.), 
toluene / EtOH / H2O, 70 °C, 3 h, 83%; (e) TBAF (1.1 equiv.), THF, room 
temperature, 30 min, 93%.  
 
4-(4-chloro-2-methylphenyl)-7-methoxy-2,2-dimethyl-2H-chromen-8-ol (1). 
Synthetic procedure was followed by previous study.[18] Slightly yellow solid (77% 
from vinyl triflate intermediate)  
1H-NMR (500 MHz, CDCl3): d 7.22 (d, J = 2.0 Hz, 1H), 7.18 (dd, 
J = 8.0 and 2.0 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 6.32 (d, J = 8.5 
Hz, 1H), 6.08 (d, J = 8.5 Hz, 1H), 5.44 (s, 1H), 5.38 (s, 1H), 3.85 
(s, 3H), 2.13 (s, 3H), 1.56 (s, 3H), 1.52 (s, 3H); 13C-NMR (125 
MHz, CDCl3): 148.1, 140.2, 138.9, 136.6, 134.4, 133.5, 131.2, 
130.1, 130.0, 127.8, 127.7, 126.1, 116.6, 116.0, 115.9, 103.6, 77.2, 56.4, 56.3, 28.3, 
27.8, 19.8; HRMS (FAB+) m/z calculated for C19H20ClO3 [M+H]+ 331.1101, found 
m/z 331.1099  
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Scheme S2. Synthetic scheme for the compounds of target identificationa  
 
a Reagents and conditions: (a) pyrrolidine (2.0 equiv.), EtOH, reflux, 3 days, 61%; (b) 
TBDMSCl (1.2 equiv.), imidazole (1.5 equiv.), room temperature, 5 h, 94%; (c) 
trifluoromethanesulfonic anhydride (1 equiv.), 2,6-di-tert-butyl-4-methylpyridine (1.4 
equiv.), CH2Cl2, 0 °C, 30 min, 79%; (d) 4-chloro-2-methylphenylboronic acid (1.1 
equiv.), Pd(PPh3)4 (5 mol%), Na2CO3 (3.0 equiv.), toluene / EtOH / H2O, 70 °C, 85%; 
(e) TBAF (1.1 equiv.), THF, 0 °C, 30 min, 91%; (f) NaOH (3.0 equiv.), EtOH / H2O, 
0 °C, 1 h, 96%; (g) oxalyl chloride (2.0 equiv.), CH2Cl2, 0 °C, 1 h; (h) N-(4-(4-
aminobenzoyl)phenyl)hex-5-ynamide (in Scheme 3), DIPEA (1.5 equiv.)′, THF, 0 °C, 
1 h, 43% of two step yield.  
 
Ethyl 3-(8-hydroxy-7-methoxy-2-methyl-4-oxochroman-2-yl)propanoate  
[Reagents and conditions: (a)].  
A solution of 2′,3′-dihydroxy-4′-methoxyacetophenone hydrate (1.0 equiv.) in EtOH 
was treated with pyrrolidine (3.0 equiv.) and ethyl levulinate (3.0 equiv.) and then 
heated at reflux for about 3 days. After the completion of reaction monitored by TLC, 
the reaction mixture was concentrated in vacuo. Evaporated residue was redissolved 
in ethyl acetate and washed several times with 1N HCl solution. After washing with 
brine, the combined organic layer was dried over anhydrous MgSO4, filtrated, and 
evaporated in vacuo. Purification by silica-gel flash column chromatography (EA / 
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hexane) gave the desired compound, ethyl 3-(8-hydroxy-7-methoxy-2-methyl-4-
oxochroman-2-yl)propanoate (colorless crystral, 61%).  
1H-NMR (500 MHz, CDCl3): d 7.46 (d, J = 8.8 Hz, 1H), 
6.62 (d, J = 9.1 Hz, 1H), 5.59 (s, 1H), 4.14 (q, J = 7.2 
Hz, 2H), 3.95 (s, 3H), 2.79 (d, J = 16.5 Hz, 1H), 2.64 (d, 
J = 16.5, 1H), 2.51 (m, 2H), 2.25 (m, 1H), 2.06 (m, 1H), 1.45 (s, 3H), 1.24 (t, J = 7.1 
Hz, 3H) ; 13C-NMR (125 MHz, CDCl3): d 190.9, 173.6, 152.7, 147.2, 134.2, 118.4, 




[Reagents and conditions: (b)].  
To a solution of this purified ethyl 3-(8-hydroxy-7-methoxy-2-methyl-4-oxochroman-
2-yl)propanoate (1.0 equiv.) and imidazole (1.5 equiv.) dissolved in CH2Cl2, tert-
butyldimethylsilyl chloride (TBDMSCl, 1.2 equiv.) was added and then stirred for 
about 5 h at room temperature. After the reaction completion monitored by TLC, the 
reaction mixture was diluted with ethylacetate and then washed with brine. The 
separated organic layer was dried over anhydrous MgSO4, filtrated and evaporated in 
vacuo. The resulting mixture was purified with silica-gel flash column 
chromatography (EA / hexane) to provide desired product, ethyl 3-(8-(tert-
butyldimethylsilyloxy)-7-methoxy-2-methyl-4-oxochroman-2-yl)propanoate 
(colorless crystal, 94%).  
1H-NMR (500 MHz, CDCl3): d7.46 (d, J = 8.8 Hz, 
1H), 6.52 (d, J = 8.8 Hz, 1H), 4.07 (q, J = 7.1Hz, 
2H), 3.80(s, 1H), 2.67 (d, J = 16.5 Hz, 1H), 2.55 
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(d, J = 16.5 Hz, 1H), 2.44 (m, 2H), 2.11 (m, 1H), 1.97 (m, 1H), 1.36 (s, 3H), 1.19 (t, J 
= 7.2 Hz, 3H), 0.98 (s, 9H), 0.11 (d, J = 2.9, 6H); 13C-NMR (125 MHz, CDCl3): d 
191.3, 172.9, 157.1, 151.7, 133.3, 119.7, 115.5, 104.7, 80.6, 60.6, 55.6, 47.1, 34.2, 
28.9, 25.9, 24.0, 18.7, 14.3, —4.3.  
 
Ethyl 3-(8-(tert-butyldimethylsilyloxy)-7-methoxy-2-methyl-4-(trifluoromethyl 
sulfonyl oxy)-2H-chromen-2-yl)propanoate  
[Reagents and conditions: (c)].  
A solution of ethyl 3-(8-(tert-butyldimethylsilyloxy)-7-methoxy-2-methyl-4-
oxochroman-2-yl)propanoate (1.0 equiv.) and 2,6-di-tert-butyl-4-methylpyridine 
(DTBMP, 1.3 equiv.) in anhydrous CH2Cl2 at 0 °C was treated with triflic anhydride 
(Tf2O, 1.2 equiv.) under N2 atmosphere. The reaction was stirred for 30 min at the 
same temperature. The reaction mixture was filtered to remove any solid and the 
filtrate was concentrated in vacuo. The residue was redissolved in ethyl acetate and 
washed with sat. NaHCO3 solution and brine. The combined organic layer was dried 
over anhydrous MgSO4, filtrated, and evaporated in vacuo. Purification by silica-gel 
flash column chromatography (EA / hexane) gave the desired compound ethyl 3-(8-
(tert-butyldimethylsilyloxy)-7-methoxy-2-methyl-4-(trifluoromethylsulfonyloxy)-2H-
chromen-2-yl)propanoate (colorless liquid, 79%).  
1H-NMR (500 MHz, CDCl3): d 6.82 (d, J = 8.5 Hz, 
1H), 6.46 (d, J = 8.5 Hz, 1H), 5.43 (s, 1H), 4.11 (q, 
J = 7 Hz, 2H), 3.8 (s, 3H), 2.49 (m, 2H), 2.10 (m, 
2H), 1.47 (s, 3H), 1.23 (t, J =7 Hz, 3H), 1.01 (s, 9H), 0.15 (s, 6H); 13C-NMR (125 
MHz, CDCl3) : 173.3, 154.2, 145.7, 143.5, 133.7, 120.0, 117.5, 114.2, 110.3, 104.1, 
80.2, 60.8, 55.6, 36.3, 29.4, 26.8, 25.9, 18.9, 14.3, —4.2.  
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Ethyl 3-(4-(4-chloro-2-methylphenyl)-8-hydroxy-7-methoxy-2-methyl-2H-
chromen-2-yl) propanoate  
[Reagents and conditions: (d)].  
Ethyl 3-(8-(tert-butyldimethylsilyloxy)-7-methoxy-2-methyl-4-(trifluoromethyl 
sulfonyloxy)-2H-chromen-2-yl)propanoate (1.0 equiv.), 4-chloro-2-methylphenyl 
boronic acid (1.1 equiv.), Pd(PPh3)4 (5 mol%) and Na2CO3 (3.0 equiv.) were 
suspended in solvent mixture of EtOH:toluene:H2O (1:1:0.5) and the reaction mixture 
was stirred at 70 °C for about 3 h. After reaction completion monitored by TLC, the 
resulting mixture was diluted with ethyl acetate and then washed with brine. The 
organic layer was dried over anhydrous MgSO4, filtrated, and evaporated in vacuo. 
Purification by silica-gel flash column chromatography (EA / hexane) gave the 
desired compound (slightly yellow solid, 85%).  
1H-NMR (500 MHz, CDCl3): d 7.21–7.16 (m, 2H), 7.07 
(dd, J = 12 and 8.1 Hz, 1H), 6.26 (dd, J = 8.5 and 3.1 
Hz, 1H), 6.09 (dd, J= 8.5 and 3.1 Hz, 1H), 5.26 (d, 1H), 
4.10 (m, 2H), 3.7 (s, 3H), 2.55 (m, 2H), 2.12 (m, 5H), 
1.46 (d, 3H), 1.22 (q, J= 7 Hz, 3H), 1.05 (s, 9H), 0.18 (m, 6H); 13C-NMR (125 MHz, 
CDCl3): d 173.8, 152.6, 144.9, 138.8, 136.9, 135.0, 133.4, 131.2, 130.0, 126.0, 125.3, 




chromen-2-yl) propanoate [2, Reagents and conditions: (e)].  
To a solution of purified Ethyl 3-(4-(4-chloro-2-methylphenyl)-8-hydroxy-7-
methoxy-2-methyl-2H-chromen-2-yl) propanoate (1.0 equiv.) dissolved in 
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tetrahydrofuran (THF), tetrabutylammonium fluoride (1 M solution in THF, 1.5 
equiv.) was added at 0 °C and then stirred for about 30 min at the same temperature. 
After the reaction completion monitored by TLC, the reaction mixture was diluted 
with ethylacetate and then washed with brine. The separated organic layer was dried 
over anhydrous MgSO4, filtrated and evaporated in vacuo. Purification by silica-gel 
flash column chromatography (EA / hexane) gave the desired compound 2 (slightly 
yellow solid, 91%).  
1H-NMR (500 MHz, CDCl3): d 7.23–7.22 (m, 1H), 
7.20–7.18 (m, 1H), 7.07 (dd, J = 10.5 and 8.0 Hz, 1H), 
6.32 (d, J = 8.5 Hz, 1H), 6.07 (d, J = 8.5 Hz, 1H), 5.46 
(s, 1H), 5.30 (d, 1H), 4.14–4.09 (m, 2H), 3.85 (s, 3H), 
2.64–2.47 (m, 2H), 2.26–2.08 (m, 2H), 2.14 (d, 3H), 
1.51 (d, 3H), 1.24–1.19 (m, 3H); 13C-NMR (125 MHz, CDCl3): d 173.8, 148.3, 140.1, 
139.9, 138.8, 138.7, 136.5, 136.4, 135.0, 134.7, 134.3, 134.2, 133.6, 133.5, 131.2, 
131.1, 130.1, 126.1, 125.7, 116.2, 116.1, 103.8, 103.7, 79.1, 78.9, 60.8, 56.3, 36.5, 
36.2, 31.1, 30.0, 29.8, 26.7, 26.4, 20.0, 19.7, 14.4; HRMS (FAB+) m/z calculated for 
[M+H]+ C23H26ClO5 417.1469, found m/z 417.1471.  
 
3-(4-(4-Chloro-2-methylphenyl)-8-hydroxy-7-methoxy-2-methyl-2H-chromen-2-
yl)propanoic acid [Reagents and conditions: (f)].  
To a solution of compound 2 (1.0 equiv.) in EtOH and water was added NaOH (3.0 
equiv.) at 0 °C. The reaction was stirred for 1 h at the same temperature. After the 
reaction completion monitored by TLC, the reaction mixture was acidified by 1N HCl 
solution until pH 3.0 and then extracted by ethyl acetate twice. The combined organic 
layer was dried over anhydrous MgSO4, filtrated, and evaporated in vacuo. 
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Purification by silica-gel flash column chromatography (MeOH / MC) gave the 
desired compound 3-(4-(4-chloro-2-methylphenyl)-8-hydroxy-7-methoxy-2-methyl-
2H-chromen-2-yl)propanoic acid (slightly yellow solid, 96%).  
1H-NMR (500 MHz, CDCl3): d 7.22 (s, 1H), 7.19 
(m, 1H), 7.06 (m, 1H), 6.32 (d, J = 8.5 Hz, 1H), 
6.07 (d, J =8.5 Hz, 1H), 5.30 (d, 1H), 3.84 (s, 3H), 
2.66–2.56 (m, 2H), 2.23–2.08 (m, 5H), 1.52 (d, 3H); 
13C-NMR (125 MHz, CDCl3): d 179.7, 148.3, 
140.0, 138.7, 136.4, 135.0 134.2, 133.6, 131.1, 130.0, 126.1, 125.5, 116.2, 103.8, 78.9, 




[3, Reagents and conditions: (g) and (h)].  
To a solution of 3-(4-(4-chloro-2-methylphenyl)-8-hydroxy-7-methoxy-2-methyl-2H-
chromen-2-yl)propanoic acid (1.0 equiv.) in anhydrous CH2Cl2 was added oxalyl 
chloride (2.0 equiv.) at 0 °C. The reaction was stirred for 1 h at the same temperature 
and then evaporated in vacuo. This evaporated residue was dissolved in anhydrous 
THF again. To this solution was added a solution of N-(4-(4-
aminobenzoyl)phenyl)hex-5-ynamide (see Scheme 3, 1.0 equiv.) and DIPEA (1.5 
equiv.) in anhydrous THF at 0 °C and then stirred for 1 h at the same temperature. 
After the reaction completion monitored by TLC, the reaction mixture was diluted by 
ethyl acetate and then and then washed with brine. The separated organic layer was 
dried over anhydrous MgSO4, filtrated and evaporated in vacuo. Purification by silica-
gel flash column chromatography (EA / hexane) gave the desired compound 3 
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(slightly yellow solid, 43% overall two steps).  
1H-NMR (500 MHz, CDCl3): d 8.08 (d, 1H), 7.80 (s, 1H), 7.20 (t, J = 9.0 Hz, 4H), 
7.63 (d, J = 9.0 Hz, 4H), 7.21–6.96 (m, 3H), 6.33 (dd, J = 8.0 and 6.0 Hz, 1H), 6.09 (t, 
J = 8.0 Hz, 1H), 5.74 (bs, 1H), 5.35 (d, 1H), 3.85 (d, 3H), 2.72–2.60 (m, 2H), 2.56 (t, 
J = 7.0 Hz, 2H), 2.32 (td, J = 7.0 and 2.5 Hz, 2H), 2.26–2.21 (m, 2H), 2.11 (d, 3H), 
2.01 (t, J = 2.5 Hz, 1H), 1.99–1.93 (m, 2H), 1.52 (d, 3H); 13C-NMR (125 MHz, 
CDCl3): d 194.8, 171.8, 
148.3, 142.2, 141.9, 138.7, 
133.5, 133.2, 133.0, 131.6, 
131.2, 131.0, 130.1, 126.2, 
126.1, 119.1, 116.5, 116.4, 
113.9, 103.8, 103.7, 83.6, 
79.1, 69.8, 56.3, 36.6, 36.5, 36.2, 26.9, 26.3, 24.0, 19.7, 18.0; HRMS (ESI+) m/z 
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Scheme S3. Synthetic scheme for the compounds of target identificationa  
a
 Reagents and conditions: (a) 5-hexanoic acid (2.0 equiv.), EDC (2.0 equiv.), HOBt (2.3 
equiv.), DMF, room temperature, 5 h, 74%; (b) excess amount of oxalyl chloride, room 
temperature, 1 h, distilled purification; (c) TEA (1.2 equiv.), CH2Cl2, 30 min, 67%.  
	  
 
N-(4-(4-Aminobenzoyl)phenyl)hex-5-ynamide [Reagents and conditions: (a)].  
To a solution of 5-hexanoic acid (2.0 equiv.), EDC (2.0 equiv.) and HOBt (2.3 equiv.) 
dissolved in DMF, 4,4′-diaminobenzophenone (1.0 equiv.) was added and then stirred 
for about 5 h at room temperature. After the reaction completion monitored by TLC, 
the reaction mixture was diluted with ethylacetate and then washed with brine. The 
separated organic layer was dried over anhydrous MgSO4, filtrated and evaporated in 
vacuo. The resulting mixture was purified with silica-gel flash column 
chromatography (EA / hexane) to provide desired product, N-(4-(4-
aminobenzoyl)phenyl)hex-5-ynamide (white solid, 74%).  
1H-NMR (500 MHz, (CD3)2CO): δ 8.01 (s, 
1H), 7.76 (m, 2H), 7.68 (dd, J = 8.5 and 2 
Hz, 2H), 7.63 (dd, J = 8.5 and 2 Hz, 2H), 
6.69 (dd, J = 8.5 and 2 Hz, 2H), 5.11 (bs, 2H), 2.85 (m, 1H), 2.55 (m, 2H), 2.29 (m, 
2H), 1.92 (m, 2H); 13C-NMR (125 MHz, (CD3)2CO): δ 192.9, 171.1, 153.2, 142.5, 
134.1, 132.6, 130.6, 126.1, 118.3, 113.1, 83.7, 69.8, 35.6, 24.3, 17.7.  
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N-(4-(4-Butyramidobenzoyl)phenyl)hex-5-ynamide [4, Reagents and conditions: (b) 
and (c)].  
Butyric acid (3.0 equiv.) was mixed with excess amount of oxalyl chloride and then 
stirred for 1 h at room temperature. This reaction mixture was purified by distillation 
method and then desired product, butyryl chloride, was finally obtained at around 
95 °C (theoretical bp 102 °C) as a colorless liquid.  
To a solution of N-(4-(4-aminobenzoyl)phenyl)hex-5-ynamide (1.0 equiv.) and TEA 
(1.2 equiv.) dissolved in CH2Cl2, butyryl chloride was added and then stirred for 
about 30 min at room temperature. After the reaction completion monitored by TLC, 
the reaction mixture was diluted with ethylacetate and then washed with brine. The 
separated organic layer was dried over anhydrous MgSO4, filtrated and evaporated in 
vacuo. The resulting mixture was purified with silica-gel flash column 
chromatography (EA / hexane) to provide desired product 4 (white solid, 67%).  
1H-NMR (500 MHz, (CD3)2SO): δ 
10.30 (s, 1H), 10.23 (s, 1H), 7.77–
7.75 (m, 4H), 7.70–7.67 (m, 4H), 
2.81 (t, J = 2.5 Hz, 1H), 2.48 (t, J = 
7.5 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 2.24 (td, J = 7 and 2.5 Hz, 2H), 1.78 (tt, J = 7 
Hz, 2H), 1.63 (qt. J = 7.5 Hz, 2H), 0.92 (t, J = 7.5 Hz, 3H); 13C-NMR (125 MHz, 
(CD3)2SO): δ 193.4, 171.8, 171.2, 143.1, 143.0, 131.7, 131.7, 130.9, 118.2, 118.2, 
83.9, 71.7, 38.4, 35.2, 23.8, 18.5, 17.3, 13.6; HRMS (ESI+) m/z calculated for [M+H]+ 
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Cell culture : HeLa (human cervical adenocarcinoma cells), U266 (human myeloma 
cell line), A549 (human lung cancer cell line), and MCF7 (human breast cancer cell 
line) were obtained from American Type Culture Collection [ATCC, USA]. HeLa, 
U266, and A549 cells were cultured in RPMI 1640 [GIBCO, USA] supplemented 
with 10% (v/v) fetal bovine serum [GIBCO, USA] and 1% (v/v) antibiotic-
antimycotic solution [GIBCO, USA]. MCF7 cells were cultured in high glucose 
DMEM [GIBCO, USA] supplemented with 10% (v/v) fetal bovine serum [GIBCO, 
USA] and 1% (v/v) antibiotic-antimycotic solution [GIBCO, USA]. The cells were 
maintained in a humidified atmosphere of 5 % CO2 and 95 % air at 37 °C, and 
cultured in T75 Flask [Nalgene Nunc International, USA] according to manufacturers’ 
instruction. The growth medium was changed every 2 to 3 days. Cells were grown to 
confluence prior to the experiment.  
 
Antiproliferative agent screening : Cell viability was measured to determine the 
cytotoxicity of our probe using the WST–1 [Daeil Science, S. Korea], and the 
experimental procedure is based on the manufacturer’s manual. HeLa cells were 
cultured into 96-well plates at a density of 2 × 103 cells/well for 24 h, followed by the 
treatment of 3000 membered pDOS chemical library (10 µM). After 72 h incubation 
with compounds (10 µM), 10 µL of WST–1 solution was added to each well, and 
plates were incubated for additional 1 h at 37 °C. The absorbance of each well at 450 
nm was measured using Synergy HT [Bio-Tek, USA]. The percentage of cell viability 
was calculated by following formula: % cell viability = (mean absorbance in test 
wells) / (mean absorbance in control well) × 100. Each experiment was performed in 
triplicate experiments.  
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기존의 표적기반 신약 개발을 통해 개발된 약물들이 예측하지 못했던 
부작용때문에 최근 시장에서 퇴출되는 예가 생기고 있다. 이에 최근 새로운 
접근 방식을 통해 신약을 개발하려는 연구가 활발히 진행되고 있다. 또한 최근 
기존의 약물에 저항성을 가지는 질병이나, 재생의학, 난치병등을 치료하는데 
있어서 기존의 신약 타겟이 아닌 비전통적인 신약타겟을 조절하는 새로운 
저분자 물질을 찾아내는 것이  주목 받고 있다. 따라서 본 연구에서는 새로운 
신약 개발 접근방식을 개발하기 위한 플랫폼의 개발에 촛점을 맞추고 있다. 
생명현상을 모니터링 하기 위한 새로운 바이오프로브(Bioprobe)의 개발, 새로운 
생리활성 저분자 물질의 스크리닝, 그리고 발굴된 새로운 생리활성 저분자 
물질의 작용기전을 밝히기 위한 표적 단백질 동정법 개발이 본 연구에서 다루고 
있는 핵심 내용이다.  
 Part I에서는 글루코스 바이오프로브 (Chapter 1-4), 불소 프로브 (Chapter 5), 
그리고 Zidovudine 프로브 (Chapter 6) 의 개발에 대해서 다루고 있다. 처음으로 
개발된 글루코스 바이오 프로브는 Cy3-Glc-α로 명명되었으며 기존의 
글루코스 바이오 프로브인 2-NBDG에 비해서 월등은 물성을 보였다. 이 연구를 
기반으로 암세포내의 글루코스 흡수 정도를Cy3-Glc-α를 이용하여 측정하고 
항암제를 스크리닝 할 수 있는 시스템을 구축하였다. (Chapter 1) Cy3-Glc-α의 
성공을 바탕으로 Chapter 2 에서는 새로운 글루코스 바이오프로브의 
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유사체들의 합성에 대해 다루었다. 그중에서 기존의 2-NBDG는 물론 첫번째 
글루코스 바이오프로브인 Cy3-Glc-α에 비해서도 더 좋은 물성을 가지는 GB2-
Cy3로 명명된 새로운 바이오프로브를 발굴 해내었다. GB2-Cy3는 암세포 뿐만 
아니라 대사질환에 중요한 연구 모델인 C2C12 근육 세포에서도 글루코스를 잘 
모니터링 할 수 있었다. (Chapter 2) 이렇게 개발된 GB2-Cy3 는 대사질환에 
중요한 역할을 하는 AMPK 를 조절하는 저분자 화합물의 작용기전을 
연구하는데 이용되었다. (Chapter 3) 일광자 글루코스 바이오프로브의 성공은 
조직 이미징이 가능한 이광자 글루코스 바이오프로브의 개발을 가능하게 
하였다. GB2-Cy3 의 구조를 기반으로 하여 개발된 이광자 글루코스 
바이오프로브는 AG2 로 명명 되었으며 암세포에서 뿐만아니라 대장암 
조직에서의 글루코스 모니터링을 가능하게 하였다. (Chapter 4) 글루코스 
바이오프로브 이외에도 본 연구에서는 세계 최초로 세포에 사용가능한 새로운 
불소 프로브인 TBPCA의 개발에 성공하였다. TBPCA를 이용하여 폐암세포인 
A549세포 안의 불소를 이미징하고 그 농도를 측정 가능하였다. (Chapter 5) 
Chapter 6 에서는 AIDS 치료제인 zidovudine (ZDV) 을 모니터링 할수 있는 
프로브에 관한 내용을 다루고 있다. ZDV 는 AIDS 치료제로 널리 사용되고 
있으므로 그 부작용에 관한 연구가 매우 중요하다고 할수 있다. 따라서 본 
연구에서는 ZDV 에 존재하는 azide 작용기가 Bioorthogonal 한 반응인 Click 
Chemistry가 가능하다는 점을 이용하여 ZDV를 모니터링 할 수 있는 새로운 
방법을 개발하였다.  
 Part II에서는 생리활성 저분자 물질의 스크리닝 (Chapter 1) 과 표적 단백질을 
동정하는 새로운 방법의 개발 (Chapter 2)에 관한 내용을 다루고 있다. Part 
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I 에서의 바이오프로브 개발경험을 바탕으로 본 연구에서는 비스테로이드 
계열의 안드로젠 수용체 길항제를 스크리닝 하였다. 벤조파이란 구조를 
기반으로 한 새로운 안드로젠 수용체 길항제 6 f는 전립선 암을 효과적으로 
억제하는 것으로 밝혀졌다. 또한 기존의 치료제에 저항성을 가지는 전립선 암의 
경우도 성공적으로 억제가 가능한 것으로 밝혀졌다. 이러한 새로운 전립선암 
치료제 후보 물질 6 f 는 추후 효과적인 전립선 치료를 위한 새로운 방향을 
제시할 것으로 기대하고 있다. (Chapter 1) 위와 같은 방식으로 발굴된 새로운 
생리활성 저분자 물질의 작용기전을 연구하기 위하여 본 연구에서는 새로운 
표적 단백질 동정방법인 FITGE를 개발하였다. FITGE방법은 손상을 주지 않은 
살아있는 세포 상태에서 표적 단백질의 동정이 가능하다. 이러한 점은 기존의 
방법으로는 성공하지 못했던 표적 단백질 동정이 FITGE방법에 의해서만 성공 
할 수 있었다. FITGE방법은 기존의 표적 단백질 동정 방법의 한계를 극복 할수 
있는 새로운 방법으로 제시 되었으며 살아있는 세포상에서의 표적 단백질 
동정의 효과적인 수단이 될 것으로 기대하고 있다. (Chapter 2)  
 
색인어 : 글루코스 바이오프로브, AMPK, 대사질환, 이광자  글루코스 
바이오프로브, 불소, Zidovudine, 안드로젠 수용체, 항암제, 표적 단백질 동정. 
 









































Part Ι  
 
Development of Novel Bioprobes  

























Chapter 1.  Development of a Cy3-Labeled Glucose Bioprobe 




































































Chapter  2.  Development of a New Series of Fluorescent Glucose 
Bioprobes and Their Application on Real-Time and Quantitative 





















































































































































Chapter 4. Development of a Two-Photon Tracer for Glucose 




















































Part ΙΙ  
 






















Chapter 1. Screening of a Benzopyran-Containing Androgen 
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